■;4. 

1 

J 

a 

» 


I 


; V.  i.  '/i.*;»v-i- -.'i* 


:a 


»VRfCHT-PATT!:p.SON 

\ 

[ TiCKM.'CAt  LI3RARY 

I WPAFB,  O.  45433 


^ fe 

CJ) 


O' 


i?SDC  TEQfi'f''''  /'f-  WtPORT  HO.  53-50 


UNCLASSIFIED 


/)-t>oo:io  1^3 


I 
I 
I 
I 
I 
I 
I 
I 
I 

s 

Ii 


.ctj  cy? 


^/rCHAHICAL-PROPERTY  TESTS  ON  CERAMIC  BODIES 


0,  KSALMASSY.  W.  H.  DUCKWORTH, 
and  D.  SCHWOPE 


22  MARCH  1953 


m.QSi'*** 


Statement  A 

Approved  for  Public  Release 


uatyclle  memorial  institute 


J 


WADC  TECHNICAL  REPORT  NO.  53-50 


THIRD  ANNUAL  REPORT 


MECHANICAL- PROPERTY  TESTS  ON  CERAMIC  BODIES 


Wright- Pattereon  Air  Force  Base 
Ohio 


22  March  1953 


Attention:  Materials  Laboratory 
Engineering  Division, 
MCREXM-3 

Contract  N-.  AF  33(038)-8682  ^ 
Expenditure  Order  No.  R605-233SR-3A 


O.  K.  SalmaGsy,  W.  H.  Duckworth, 
and  A.  D.  Schwopc 


Report  for  the  Period  of 
21  February  1952  to  21  February  1953 


■j 

If  I 


BATTELLE  MEMORIAL  INSTITUTE 
505  King  Avenue 
Columbus  1,  Ohio 


\ - 


. --^.1 
; 

••  .-.'I 

I 


• "•■a 


'."i 

.•.i.a 
; -,wSi 

, J 


WADC  TR  53-50  ii  j 

' I 

■■  'I- 

. I 
i 
! 
I 

FOREWORD  I 

This  report  was  prepared  by  Battelle  Memorial  Institute,  Columbus, 

Ohio,  on  Contract  No.  AF  33(038)-86S2.  Research  at  Battelle  Memorial  j 

Institute  v/as  initiated  as  a project  of  the  Materials  Laboratorjr,  Research  * 

Division,  Wr ight-Patterson  Air  Force  Base7^th~Mr'rX7~i>.  Richardson 
as  Project  Engineer,  ~ - I 

This  report  is  the  Third  Annual  Report  covering  the  period  21  February  j 

1952  to  21  February  1953.  Research  conducted  during  previous  periods  I 

appears  in  Air  Force  Technical  Reports  No.  6512  and  No.  52-67. 

The  authors  wish  to  thank  M.  C.  Brbekway  for  his  aid  in  the  mathe-  ^ 

matical  treatment  of  the  data  and  F.  J.  Buffington  for  his  help  in  designing  j 

and  carrying  out  the  experiments.  j 
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ABSTRACT 

The  factor*  influencing  the  fracture  of  brittle  ceramic  rhaterialo  were 
studied:  the  effects  of  size  and  stress  state  were  given  primary  conaidcra-- 
tion.  In  addition,  Initial  consideration  was  given  to  the  effects  of  strain  rate 
and  temperature. 

The  strength  of  plaster  of  Pari*  wa«  found  to  decrease  with  an  increase 
of  size  in  the  simple  stress  states  of  tension,  compression,  bending,  and  tor- 
sion. Initial  analyses  indicated  that  Weibull's  statistical  theory  of  strength 
could  be  used  to  predict  the  observed  effects  of  size  and  stress  state  on  the 
strength  of  plaster. 

The  effects  of  combined  stresses  on  the  fracture  strength  were  studied 
by  means  of  tests  conducted  on  cylinders  of  plaster  subjected  to  internal 
pressure  and  axial  loading.  Initial  analyses  of  data  from  these  combined- 
stress  tests  indicated  that  fracture  data  could  be  analyzed  using  the  elastic 
theory  of  thick-walled  cylinders, 

Th«  effect  of  superposed  bending  stresses  on  tension-test  data  was 
analyzed  using  Weibull's  theory.  This  analysis  indicated  that  superposed 
bending  stresses  should  increase  the  observed  tensile  strength  of  a brittle 
mateiia’  , Tension  data  on  plaster  agreed  qualitatively  with  this  prediction. 

Analysis  of  the  standard  compression  test  indicated  that  fracture  data 
from  this  type  of  test  were  unreliable  and  that  the  standard  compression  test 
could  not  be  used  in  a research  program  where  precise  quantitative  fracture 
data  were  required. 

Exploratory  studies  were  made  of  the  effect  of  varying  the  strain  rate 
or  the  stress  rate  on  the  fracture  of  plaster  of  Paris,  These  studies  indi- 
cated a decrease  of  fracture  stress  with  increased  rates  of  loading,  an  effect 
opposite  to  that  reported  in  the  literature  for  other  brittle  materials.  The 
relation  between  the  effects  of  rate  of  loading  and  stress  duration  (static 
f■^tigue)  was  considered. 


V 


WADC  TR  53^  50 


TABLE  OF  . CONTENTS 


F»ge 


INTRODUCTION . • . i 

SUMMARY  , 4 

EXPERIMENTAL  MATERIALS  5 

Plaster*.  . 6 

Porcelain  7 

Nlckel-Bflndrd  Titanium  Carbide.  7 

THE  EFFECT  or  SIZE  ON  MECHANICAL  PROPERTIES  8 

Size<>Ctfect  Experiments  on  Ptaater  9 

‘Cotnpreasion  Tests  • •••.•«»•.••••••••••••••.•  9 

Tension  Tests IS 

Bend  Tests  Zb 

Torsion  Teats  34 

Summary  of  Stze-Effect  Data  on  Hydrostune.  Pli  ster  38 

Correlation  of  Sire- Effect  Data  on  Plaster  With  WeibulPa  Statistical  Theory  of  Strength  • • • ..  43 

Size«Effecl  Experiments  on  Poicelain  46 

THE  EFFECT  OF  STRESS  STATE  ON  MECHANICAL  PROPER!  lES 49 

Correlation  o.  Tension,  Torsion,  and  Bend  Data  on  Plaste.  With  Welbull's  Theory  . .....  51 

The  Effect  of  Biaxial  Stresses  on  Mechanical  Properties  53 

Combined-Stress  Tests  on  Plaster  58 

Results  , 5® 

The  Effect  of  Superposed  Bending  Stresses  on  Tension-Test  Data.  66 

Effect  of  Eccentricity  tm  fMaater  Tension  Data  60 

The  Effect  of  Friction  on  Compression  Strength  71 

Bend  Tests  on  Porcelain  . *,4 


THE  EFFECT  OF  STRAIN  RATE  ON  THE  MECHANICAL  PROPERTIES  OF 
BRITTLE  materials i . . 

Strain-Rate  Tests  on  Plaster 
Tension  Tests 
Bend  Tests 

Torsion  Tests  


THE  EFFECT  OF  TEMPERATURE  ON  MECHANICAL  PROPERTIES  ........ 

EI.v.I.d-Tcmpcraturc  Toriton  T<.|.  on  Til.nlum  C.rblde  KISIA  

TESTING  METHODS 


SIze-EIfrct  Cc.mprc.sion  Test. 
Size-Effect  Tension  Tests  . 
Size-Effect  Bend  Tests  . » . 

Size-Effect  Torsion  Tests  . . 

Combined-Stress  Testa  • • 


89 

90 

91 

92 

94 


r I 

; i 


ih 

1. 


WADC  TR  53^50 


VI 


TABLE  OF  CONTENTS 


(Continu**!!/ 


development  of  test  equipment 


Brnd-^Te*!  Leading  Apparatus  .«»•••• 
Loading.  Syatema  for  Sia«'*£ffect  Toraion  Specimena 
Biaxial  Test  Specimen 
Biaxial  Loading  Syatem  • • 


REFERKNCES. 


APPENDIX  I 


PREPARATION  OF  DATA  , 


Siac-^Effect  Co^preati-on  Data  on  Plaster*  * 
Sixe>Effect  Tension  Data  or.  Plaster  • 
rixe-Effcct  Bend  Data  on  Plaster  • • * • 

oixe.-Effec t Torsion  Data  on  Plaster  • • • 

Sixe-Effect  Compression  Data  on  Porcelain  • 
Combiaed-S'kress  Dais  on  Plaster  • • • • 

.Rrain-Rate  Data  on  Plaster  ••••»• 


APPENDIX  n 

STATISTICAL  TREATMENT  OF  DATA  . . 

APPENDIX  m 

WEIBULL/S  STATLSTICAL  THEORY  OF  STRENGTH  * • . 


APPENDIX  IV 

BASIC  TEST  DATA  FROM  COMBINED-STRESS  TESTS  . . • 


LIST  OF  TABLES 


£ii5 

96 

96 

96 

109 

105 

107 

I-l 

1-1 

f-4 

1-5 

1-6 

t-6 

1-6 

1-7 

U-1 

m-i 


TH«  Clfccts  of  Slsr  .nd  Stre.f  State  on  Strength  111-5 

Kftect.  of  Stre.t*  State  and  Size  on  the  Standard  Deviation  of  the  Strength  • • • • . • • • » Ul-8 

Effect  of  Biaxial  Streaaea  on  Strength  111-15 

Effect  of  Ecce.ntricltv  on  Ten.lon  Strength  111-17 


IV- 1 


Table  1. 

Elastic  and  Fracture  Data  From  Hy4lrostone  Sixe-Effect  Compression  Specimens 

*■ 

- 

- 

13 

Tsble  2, 

Effect  of  Curing  Time  on  Hydrostone  Slxe-E(/cct  Compression  Specimens  • 

- • 

• 

• 

16 

Table  3. 

Elastic  and  Fracture  Lata  From  No.  1-Sixe  Plaster  Tension  Specimens  • 

• • 

22 

Table  4. 

Elastic  and  Fracture  Data  From  No.  4-Sixe  Plaster  Tension  Specimens  • 

21 

Table  f. 

Elastic  and  F**aciure  Data  From  No.  I-Sixe  Plaster  Benn  Specimens  • • 

• • 

30 

Table  6. 

Elastic  Data  From  No.  $-Sixe  Piaster  Bend  Specimens 

• • 

31 

Table  7. 

Fracture  Data  From  No.  5-Stxc  Plaster  Bend  Specimens 

32 

Table  a. 

Fracture  Data  From  No.  1-Sixe  Pli  -ter  Torsion  Specimens  • • • • • 

• • 

• 

. 

• 

39 

1, 

I 

I 

I 


I 

I 

I 


U37  or  TABLES 

('Continued) 


WADC  TR  Sj-50 


Trecture  pnta  J*ro2n  No.  5>Slwe  PUetdr  Torelon  Specimens 
Cumulative  Elacttc  Data  From  Plaster  Siee-JCffecC  Specimens 


f able  11.  Comulattve  Fraciufe  Data  From  Plaatcr  Slae*‘£f/ect  Specimens  • 


Material  C onstaots  for  Hydrostooe  Plaster 


Comparison  of  )EaperLn^ental  Strengths  of  Large  Plaster  Siae~Cffect  Specimens 
With  Strengths  Predicted  From  W«tbuU*s  Theory 


Comparison  of  Experimental  Standard  Deviations  of  Strength  of  Large  Plsster 
Slae-Effect  Specimens  With  Deviations  Predicted  From  Weibull'e  Theory  • • • 

Elastic  Data  From  Champloo  Porcelain  Stac-Cffect  Compression  Spectrhens  • » 

Comparison  of  Fxp^rirnr-ital  Strengths  of  Plaster  Slxe** Effect  Specimens 
WUh  htrenglhs  Predicted  From  WeibulPs  Theory 


Table  17.  Comparlsop  of.  Experimental  Stsndard  Pcvlations  of  the  Strength  of  Plas^.ei 

Siae  . .feet  Specimens  With  Standard  Dcviatlona  Predicted  From  Welbull's  Theory  • 

Table  18.  Elastic  Data  Fr.pm  Biaxial  Specimens  Subjected  to  lntcroel  Pressure  « * , , , 

Table  1$.  Fracture  Data  From  Biaxial  Specimens  Subjected  to  Internal  Pressure  * • « ♦ » 

Table  20.  Elastic  and  Fracture  Data  From  i^laxlal  Specimens  Sub,*ectcd  to  Axial  Tension  • • 


Strength  in  Axial  Compression  of  Hollow  Porcelain  Cylinders 


Table  22. 


Table  26. 


Table  28. 


Table  29. 


Bejd-Test  Data  From  Specimens  of  Champion's  High-Alumina  Porcelain  • • 

Strain-ftate  Data  From  Small,  No,  1-Sixc  Plaster  Tension  Specimens  » • » 

Strain-Rats  Data  F rom  Small,  No,  1-Siae  Plaster  Tension  Specimens  . • • 

Strain-Rate  Data  From  Large,  No,  S-Siae  Pla  ter  Bend  Specimena  • • • » 

Strain-Rate  Data  From  Largs,  No,  S-Sixe  Plaster  Toralon  Specimen's.  • ,■ 

Risks  of  Fracture  and  Fracture  Strengths  For  Hydrostooe  Plaster 
S-hJected  to  Biaxial  Stresses 


Basic  Elastic  end  Fracture  Data  From  Tensile  Tests  on  Biaxial  Specimen* 
of  Hydrostone  Plsstsr 


Basic  Elastic  and  Fracture  Data  From  BtaxUl  Specimens  on  Hydrostooe 
Plaster  Subjected  to  Pressure  Loading 





_ .’w'.-r:-  ■ 


WADC  TR  53-50  vili 

us  OF  ILLUSTRATIONS 

Figure  U Sir.r*£ffect  Comprevsicn  Specimen*  10 

Figure  Z,  Jljte-Effect  ComprriBion  Specimen*  of  H/dro*tone  * 'aster  ••••••••••..  12 

Figure  3.  Compression  Stress**S^.raln  Curves  For  Hydrostone  Slsc-Effect  Specimens  ••••••  15 

Figure  4.  Alternate  Sire**  Effect  Tension  Specimens  19 

Figure  5.  Siae-Effect  Tension  Specimens  of  Ptsster  21 

Figure  6.  Tension  Streus-.Strala  Curves  for  HydroStone  SLse*>£ffect  Specimens  »•.••••*  24 

Figure  7.  AUernate  Size-Effect  Rend-Teat  Specimens  of  Hydrostone  Plaster  •••»  ••••  26 

Figure  8.  Alternate  Slse-Effect  Bend-Test  Specimens  of  Hydrostone  Piaster  * * 29 

Figure  9-  Si»e-£Ueel  Torsion  Specimens  of  Hylrostone  Plaster  • 35 

Figure  10.  Slae-Effect  Torsion  Specimens  36 

Figure  ll.  General  Biaxial  Stress  State  54 

Figure  12.  Etemenjt  Shouting  Principal  Stresses  Corresponding  to  General  Biaxial  Stress  State.  • 54 

Figure  13,  HypotUctlcal  Curve  Illustrating  Variation  of  Fracture  Strength  With  Principal  Stress  Ratio  * 56 

Figure  14,  Weib' ll*s  Theory  of  Strength  for  Biaxial  Siresses  for  Hydrostone  Plaster  (m  s 12)  • • » • 57 

Figure  15,  biaxial  Test  Specimen  ••••*«•  •*«••••••»  »•»•».  • 59 

Figure  16.  Comparison  of  Experimental  Data  From  Bir.xial  Specimen  HOP**6  With  Data 

Predicted  by  the  Theory  of  Thlck-V/aUed  Cylinders  61 

Figure  17«  Plaster  biaxial  Specimen  Fractured  Under  Internal  Pressure 67 

Figure  18,  Effect  of  Eccentricity  on  Fracture  Strength  of  No,  l*5iae  Tension  Specimen 

as  Predicted  From  Welbull's  Theory  70 

Figure  19.  Singularity  In  Stress  System  at  Edge  of  Prfmstlc  Compression  System  72 

Figure  20,  Compression  Specimen  of  Hydrostone  Plaster  Showing  Conical  Region 

of  Severe  Destruction  73 

Figure  21,  Porcelain  Compression  Specimens  75 

Figtfrrf  22.  Effect  of  Rate  of  Straining  on  Fracture  Stress  of  Porcelain  In  Tension  (After  Nsdai)  ...  79 

Figure  23,  Loading  Apparatus  for  No,  l-Slze  Alternate  Bend-Test  Specimen  97 

Figure  24,  Loading  System  for  No,  1-Sixe  Plaster  Torsion  Specimen  • 98 

Figure  25,  Loading  System  for  No,  S-Slzc  Plaster  Torsion  Specimen  99 

Figure  26.  Bla:<lal-Tcst  Specimen  \q) 

Figure  27,  Exploded  View  of  Interns!  Assembly  102 

Figure  28.  Internal  Assembly  for  Biaxial  Specimen  103 


ix  and  X 


WADC  TR  53-50 


TArtLE  OF  CONTENTS 
' iContlhu^dJ 


Figure  29.  Hydroetone  Plueter  Piluxial  Specimen 


Figure  30.  Hydrnullc  Loading  Sy«tem  for  Platter  Biaxial  Specimena  • 


Figure  31,  Typical  Dlatrlbution  Curve  of  StrecglKa  , , , • , • • • • • • • * • • • • • UI-2 

Figure  32,  Variation  of  Strength  With  Cagc'-Scction  Volume  of  Hydrostone  Sixe-Effect 

Bend  Speciment  ••••  1H*9 


Figure  33.  Rectangular  Specimen  Loaded  Eccentricatly  in  Tension  •»••*  ••••••  ••  IXI*’19 


WADG, ‘TECHNICAL  REPORT  NO.  53-50 
THIRD  ANNUAL  REPORT 
on 

MECHANICAL- PROPERTY  TESTS  ON  CERAMIC  BODIES 

to 

WRIGHT-PATTERSON  AIR  FORCE  BASE 
OHIO 

ATTENTION:  MATERIALS  LABORATORY 

ENGINEERING  DIVISION 
MCREXM-3 

CONTRACT  NO.  AF  33(038)-8682 
EXPENDITURE  ORDER  NO.  R805-233SR-3A 

from 

DATTELLE  MEMORIAL  INSTITUTE 
by 

O.  K.  Salmassy,  W.  K.  Duckworth, 

and  A,  D.  Schwope  ^ 

22  March  1953  j 

} 

INTRODUCTION  . ' 

J- 

In  this  age  of  gas  turbines  and  jet  engines,  the  ceramic  component 
offers  the  solution  to  many  of  the  problems  of  the  aircraft  designer.  How- 
ever, the  technical  and  economic  benefits  indicated  often  cannot  be  realized 
because  the  ceramic  materials  are  brittle,  Coi'rective  measures  are  frus- 
trated by  the  absence  of  any  accepted  theory  of  brittle  fracture,  or  even  i « 

working  equations  for  designing  parts  of  brittle  materials. 

The  ultimate  aim  of  this  investigation  is  to  furnish  a clear  understand- 
ing of  the  fracture  of  ceramic  bodies,  and,  <f  possible,  to  determine  quanti- 
tative definitions  of  the  resistance  to  fracture  in  terms  of  external  variables. 

Among  the  fracture  phenomena  to  be  considered  are  the  following: 
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1.  The  effect  of  stress  state  on  fracture  strength 

2.  The  effect  of  size  on  fracture  strength 

3.  The  effect  cf  the  rate  of  stressing  on  fracture  strength 

4.  The  effect  of  temperature  on  fracture  strength 

The  knowledge  of  the  mechanical  behavior  of  ceramics  is  not  suffi- 
ciently advanced  to  permit  considering  this  list  as  complete.  As  the  re- 
search progresses,  the  effects  of  other  fracture  variables  probably  will 
require  consideration. 


Classically,  there  are  two  approachee  to  the  problem  of  the  strength 
of  materials.  The  older,  the  phenomenological  approach,  attempts  to 
describe  the  reaction  of  a solid  to  its  external  environment.  All  of  the  . 
phenomenological  theories  assume  homogeiicity  and  isotropy  of  the  material, 
arid  the  criteria  which  these  theories  set  up  arc  based  on  relations  of  stress 
and  strain  evolved  from  the  classical  theory  of  elasticity.  All  of  these  phe- 
nbnrjehological  theories  take  into  consideration  only  one  variable,  stress 
state.  In  general,  these  theories  place  no  restrictions  on  the  nature  of  the 
material  to  which  they  arc  to  be  applied.  As  a result,  no  single  phenome- 
nological theory  has  been  found  to  be  applicable  to  all  materials  or  to  all 
conditions  of  failure. 


The  second  approach  to  the  problem  of  the  strength  of  materials  is 
mechanistic  in  nature.  Here,  strength  properties  are  analyzed  from  the 
point  of  view  of  what  makes  the  material  fail.  These  theories  are  concerned 
with  the  fact  that  materials  may  fracture  at  stresses  100  to  1000  times  less 
than  their  theoretical  fracture  strength.  As  a result,  all  of  these  theories 
assume,  tacitly  cr  otherwise,  the  presence  in  a material  of  "flaws"  of  such 
a nature  as  to  cause  this  reduction  in  strength.  Although  the  mechanistic 
theories  postulate  a mechanism  of  fracture,  they  still  require  an  assumption 
of  a criterion  for  fracture,  as  dr  the  phenomenological  theories.  Fracture, 
still  is  considered  to  occur  at  some  conditio;.*  of  stress  or  strain;  neverthe- 
less, the  mechanistic  theories  have  the  advantage  of  providing  a qualitative 
picture  of  fracture  phenomena.-  . 

In  this  investigation,  the  approach  to  the  problem  of  the  strength  of 
ceramics  has  been  to  analyze  fracture  data  in  the  light  of  all  existing  theo- 
ries, phenomenological  and  mech.inistic.  It  is  possible,  however,  that  no 
existing  theory  can  be  found  which  satisfactorily  predicts  the  strength  of  a 
ceramic  body  under  varying  conditions.  Then  a new  and  unified  theory  of 
strength  would  be  in  order;  however,  the  development  of  such  a broad  theory, 
if  it  were  to  be  worth  while,  probably  would  require  exhaustive  effort.  As 
an  alternative,  empirical  expressions  might  be  developed  which  would  fur- 
nish design  data  for  particular  materials  under  specific  conditions.  In  any 
event,  when  all  these  factors  have  been  considered,  an  effort  will  be  made 
to  establish  a method  by  which  aircraft  designers  can  determine  reliably 
the  design  strength  of  ceramic  components  under  operating  conditions. 
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In  this  investigation,  the  approach  has  been  to  study  the  fracture  prop- 
erties of  ceramics  as  a class  of  materials;  that  is,  to  study  the  phenomena  of 
brittle  fracture.  No  attempt  has  been  made  to  study  the  fracture  properties 
of  any  one  Ceramic  material  with  the  view  of  obtaining  practical  design  data. 
Far  too  little  is  known  at  this  time  about  the  effects  of  external  variables  on 
the  brittle  fracture  of  ceramics  to  warrant  such  a study. 

Of  primary  concern  in  selecting  materials  for  this  investigation  have 
been  the  factors: 

1.  Reproducibility  from  body  to  body 

2.  Homogeneity  and  isotropy 

3.  Ease  of  fabrication 

4.  Lack  of  plastic  flow  prior  to  fracture 


The  objecti''es  of  this  investigation  require  maximui:i  control  of  all  possible 
variable.s  at  all  times.  Although  control  is  of  paramount  interest  in  the 
selection  of  materials,  potential  utility  in  aircraft  is  also  of  interest.  How- 
ever, such  utility  beconi''  j secondary  in  this  fundarr-Cntal  study  to  the  prob- 
lems of  determining  the  effects  of  external  variables  on  fracture. 

During  the  period  covered  by  this  report,  the  approach  haa  been  to 
determine  the  individual  effects  of  certain  external  variables  on  the  fracture 
strength,  of  plaster  of  Paris,  and  to  determine  how  each  observed  effect 
correlates  with  existing  theory.  Plaster  was  used  in  accordance  with  the 
above  discussion,  as  an  xperinverital  material  from  which  to  gain  insight 
into  the  fracture  phenomena  of  brittle  ceramics.  Also,  the  use  of  piaster  in 
ihe  early  stages  of  each  experimental  phase  will  result  in  an  appreciable 
saving  of  time  and  money. 


By  its  very  nature,  this  problem  is  a very  complex  one;  yet,  the  solu- 
tion will  provide  the  key  to  the  utilization  of  ceramic  materials  in  modern 
aircraft.  The  margin  of  error  between  the  operating  strength  of  a ceramic 
body  and  its  predicted  design  strength  must  be  reduced  if  ceramics  are  to  be 
considered  safe  for  practical  application  in  aircraft. 

Research  on  this  problem  was  initiated  at  Battelle  Memorial  Institute 
in  October,  1948,  on  a subcontract  under  Contract  No.  W 33-G38  ac  14105 
between  the  Air  Force  and  the  RAND  Corporation.  The  research  was  as- 
sumed by  B-.ttelle  under  direct  Air  Force  sponsorship  during  November,  1949. 

The  research  conducted  for  the  RAND  Corporation  is  covered  in  RAND 
P.eport  R-209,  "Mechanical  Properties  of  Ceramic  Bodies",  dated  31  August 
1950.  The  bulk  of  this  research  was  with  porous  and  honporous  specimens  of 
of  a silicate  porcelain.  A correlation  was  obtained  between  elastic  proper- 
ties from  room-temperature  compression,  torsion,  and  bend  tests.  The 
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effect  of  porosity  upon  elastic-moduli  data  was  studied.  Observed  fracture 
phenomena  could  be  explained  qualitatively  to  some  extent  on  the  baRis  of  a 
flaw-type  rficchanism  of  fracture. 


'3  * 
i 


Research  for  the  firc^  year  of  direct  Air  Force  sponsorship,  from 
18  November  1949  to  18  November  1950  is  covered  by  AF  Technical  Report 
No.  651Z,  April  1951.  This  work  was  limited  to  K151A,  a nickel-bonded 
tivaniunr:  carbide  product  of  Kennametal,  Incorporated.  Although  this  mate- 
rial exhibited  slight  plastic  flow  'n  compression,  bendingj-and  torsion  at 
room  temperature,  the  rnode  of  fracture  was  that  normally  found  in  brittle 
ceraimics.  However,  research  revealed  the  reproducibility  and  the  hon.o- 
geneity  of  K151A  to  be  so  poor  that  any  attempt  at  quantitative  correlation  of 
fracture  data  was  futile.  Nevertheless,  the  data  of  this  period,  as  in  the 
previous  period,  indicated  that  a flaw-type  mechanism  offered  the  most 
likely  basis  for  developing  correlations. 
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Research  for  the  second  year  of  direct  Air  Force  sponsorship  from 
18  November  1950  to  22  March  1952  is  covered  in  WADC  Technical  Report 
No.  52-67,  dated  22  March  1952.  During  this  period,  particular  ^ittention 
was  given  to  the  effect  of  size  on  fracture  strength,  using  bend  tests  on  plas- 
ter of  Paris,  Such  work  was  considered  essential  to  evaluating  and  develop- 
ing theories  from  a Caw-type  mechanism  of  fracture.  As  an  important 
concurrent  effort,  a critical  survey  was  undertaken  of  the  principal  phenome- 
nological and  mechanistic  theories  of  strength. 


The  present  report  covers  the  research  conducted  during  the  third 
year  of  direct  Air  Force  sponsorship  from  21  February  1952  to  21  February 
1953.  During  this  period,  research  was  conducted  on  the  effects  of  size, 
stress  state,  strain  rate,  and  temperature  on  fracture  phenomena,  utilizing 
data  obtained  principally  from  tests  conducted  on  plaster  of  Paris. 


SUMMARY 


i 


The  results  of  the  research  of  this  period  have  indicated  that  certain 
statistical  theories  of  strength,  particularly  Weibull's  theory,  may  be  used 
to  correlate  fracture  data  from  brittle  ceramic  materials.  If  these  indica- 
tions arc  valid,  then  it  may  now  be  possible  to  design,  with  confidence, 
ceramic  parts  for  aircraft.  A most  important  consequence  of  the  year's 
work  is  the  conclusion  that  ceramic  materials  should  not  be  selected  for 
design  on  the  basis  of  the  highest  mean  fracture  strength.  A more  realistic 
and  rafe  criterion  for  selection  is  a "safe"  strength,  a strength  below  which 
there  is  no  chance  that  ceramic  parts  will  fail. 

The  results  of  this  period  have  not  confirmed  the  validity  of  Weibull's 
theory  or  of  any  other  statistical  theory,  but  the  results  of  the  research  have 
shown  conclusively  the  importance  of  the  statistical  analysis  of  test  data. 


The  results  of  the  research  into  the  effect  of  stress  state  on  fracture 
have  shown  that  such  an  effect  exists  in  ceramic  materials.  In  essence, 

‘his  mean s that  the  ceramic  engineer  must  use  care  in  designing  with  test 
data.  Strengths  determined  from  the  bend  test  cannot  be  used  to  design  a 
ceramic  part  to  be  loaded  n tension,  and  vice  versa,  unless  the  relation  is 
known  between  the  tensio'.  and  bend  strengths  for  the  ceramic  in  question. 

For  example,  if  the  material  was  a typical  ceramic,  similar  to  plaster,  the 
mean  strength  in  tension  is  about  3/4  of  that  in  bending  and  0,  83  of  that  in 
torsion. 

In  addition,  this  research  has  indicated  that  the  size  of  a structure  in- 
fluences its  design.  Specifically,  it  was  found  that  the  larger  a ceramic 
structure,  the  lower  must  be  its  design  strength.  This  research  indicates 
that  the  testing  of  ceramic  models  to  determine  the  design  strength  of  ce- 
ramic prototypes  may  not  be  reliable  where  there  are  large  variations 
between  the  size  , of  the  model  and  the  prototype  unless  the  quantitative  effects 
of  size  are  known. 

The  research  of  this  period  has  also  produced  indications  that  the  rate 
at  which  a load  is  applied  to  a ceramic  structure  may  affect  the  magnitude 
of  the  load  it  can  withstand  beforo  fracture.  This  means  that  the  ceramic 
designer  must  consider  the  effects  of  shock,  thermal  and  mechanical,  and 
of  dynamic  loading. 

It  is  felt  that  a new  era  in  the  design  of  ceramic  structures  has  been 
entered  during  the  past  year,  an  era  in  which  the  ceramic  engineer  no  longer 
will  follow  the  classical  theories  of  strength  so  useful  in  metal  design,  but 
will  be  guided  by  design  criteria  applicable  to  brittle  materials. 


EXPERIMENTAL  MATERIALS 


The  selection  of  materials  suitable  for  investigation  has  been  one  of 
the  more  difficult  problems  of  this  research.  As  pointed  out  earlier,  re- 
producibility from  specimen  to  specimen  is  essential  to  proper  control  of 
the  tests.  Specimens  must  be  relatively  free  of  maeroscopic  flaws,  such  as 
cracks,  voids,  or  inclusions,  for  these  have  been  found  to  render  fracture 
data  so  unreliable  as  to  be  of  little  value.  Also,  the  material  must  be  rep- 
resentative of  ceramic  materials.  The  case  of  fabrication  and  wue  cost  of  a 
material  are  also  of  importance,  since  the  research,  of  necessity,  demands 
the  testing  of  large  numbers  of  specimens  of  widely  varying  design. 


• • ' ■ . t 
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An  ideal  material  has*  not  been  found;  however,  a number  of  materials 
can  be  utilized  successfully  to  carry  out  various  phases  of  the  research. 

During  this  year,  the  greater  portion,  of  the  research  was  conducted  on  ; - 

plaster  of  Paris.  Additional  experiments  have  been  conducted  on  specimens 
of  porcelain  and  on  specimens  of  nickel-bonded  titanium  carbide. 


Plaster 

Plaster  specimens  tested  during  thi.*)  period  were  fabricated  from 
Hydrostone  plaster,  a product  of  the  United  States  Gypsum  Company.  Hydro-f 
stone  specimens  were  prepared  by  adding  15.00  grams  of  the  powder  to  550 
grams  of  distilled  water.  The  resulting  slurry  was  placed  in  an  evacuating 
system  and  mixed  for  five  minutes  at  a pressure  of  1 inch  of  mercury  abso- 
lute. Mixing,  in  a vacuum  helped  to  insure  a uniform  air-free  mixture. 

Then  the  slurry  was  poured  into  polished  Ducite  molds,  and  the  plaster  was 
allowed  to  harden.  After  the  plaster  had  set  (about  30  rhinutes),  the  speci- 
mens were  removed  from  the  mold  and  were  placed  in  a dryer  at  110  F until 
the  14th  day  after  casting.  All  Hydrostone  plaster  specimens  were  tested 
on  the  14th  day  after  casting. 

Plaster  has  proved  to  be  a very  useful  material  in  this  research,  as 
plaster  soecimens  arc  inexpensive  and  easily  fabricated.  Although  the  prop- 
erties of  pla.ster  are  sensitive  t«.  changes  in  conditions  of  preparation  and 
curing,  specimens  with  uniform  properties  can  be  produced  if  proper  control 
is  exercised. 


A chemical  analysis  of  plaster  taken  from  specimens  used  in  this  in- 
vestigation showed  the  following  approximate  composition: 


Constituent 

Per  Cent 

of  Coniposition 

CeS04 

50.  7 

SiO^ 

0.5 

A1203 

0.  2 

CaO 

28.5 

MgO 

0.  5 

H^O 

19.5 

MnO,  SrO,  Fe, 

Cu 

Trace 

Specimens  of  this  composition  have  been  used  in  this  investigation  to 
study  the  effects  of  size  and  stress  state  on  fracture  phenomena.  Specimens 
of  plaster  cannot  be  used  to  study  the  effects  of  temperature  on  brittle  frac- 
ture, since  the  p.roperties  of  plaster,  as  a hydrated  material,  are  affected 

adversely  by  temperature. 
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PorceltLiti 

A h!gh-alurnina  porcelain,  a spark  plvig  porcelain  manufactured  by  the 
Charnpion  Spark  Plug  Company  of  Detroit,  Mi^-higan,  also  was  used  to  study 
the  effects  of  size  and  stress  state  on  fracture  phenomena.  This  porcelain 
is  a very  carefully  controricd  ceramic  product,  and  initial  tests  of  specimens 
fabricated  from  this  material  have  indicated  a high  degree  of  homogeneity 
and  uniformity.  All  the  porcelain  specimens  used  in  this  investigation  were 
fabricated  by  the  manufacturer , who  exercised  the  utmost  care  in  fabrication. 

These  specimens  are  prepared  from  powders  which  are  ground  and 
spray  dried.  Then  the  dry  powders  are  poured  into  rubber  molds  and  cold 
precsed  into  blanks.  The  resulting  blanks  arc  ground  to  shape  and  then  fired 
in  a hanging  positi  n at  a temperature  of  about  3000  F.  The  specimens 
shrink  to  their  final  form  In  the  firing  process.  The  specimens  used  in  this 
investigation  were  not  ground  after  firing,  but  were  tested  as  fired. 


Nickol-Bonded  Titanium  Carbide 


During  this  period,  a few  tests  were  conducted  on  torsion  specimens 
of  a nickel-bonded  titanium  carbide  body  to  study  the  effect  of  temperature 
on  fracture  strength.  This  material  is  a product  of  Kennametal,  Incorpo- 
rated, and  is  known  as  K151A.  K151A  has  a nickel  content  of  20  per  cent 

and  a specific  gravity  of  5.8,  The  specimens  used  during  this  period  were 
fabricated  by  Kcnnam>^tal,  and  had  been  finish  ground. 

This  material,  which  was  used  in  the  earlier  stages  of  this  investiga- 
tion, has  been  discussed  in  detail  in  AF  Technical  Report  No.  6512  and 
WADC  Technical  Report  No.  52-67.  K151A  of  immediate  practical  value 

to  the  aircraft  designer,  because  it  posscdses  the  physical  and  mechanical 
properties  which  are  desirable  for  high-temperature  engine  parts.  However, 
during  previous  states  of  this  investigation,  it  was  found  that  K151A  has  two 
undesirable  characteridtics  which  reduce  its  value  for  the  investigation  of 
fracture  phenomena.  It  exhibits  significant  plastic  flow  prior  to  fracture, 
even  at  room  temperature,  so  that  it  is  not  an  ideally  brittle  material,  and 
it  has  been  found  to  contain  objectionable  defects  or  flaws,  which  have  tended 
to  invalidate  the  fracture  data.  In  addition,  specimens  of  this  material  are 
quite  expensive;  therefore,  until  such  time  as  the  undesirable  qualities  of 
this  material  are  corrected,  K151A  is  not  considered  a profitable  material 
for  use  in  this  investigation. 
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THE  EFFECT  OF  SIZE  ON  MECHANICAL  PROPERTIES 


For  many  years,  the  failure  of  materials  has  been  studied  from  the 
point  of  view  of  the  classical  theory  of  elasticity.  The  resulting  theories 
for  the  failure  of  materials  were  all  based  on  the  assumption  that  materials 
are  perfectly  homogeneous;  i.e.,  that  the  intrinsic  prppertiea  of  an  elemen- 
tal volume  of  a body  are  identical  to  the  properties  of  every  other  element 
in  the  body.  This  assurnpUon  leads  to  the  conclusion  that  the  gross  proper- 
ties of  a body  are  the  same  as  those  of  its  elements,  regardless  of  the  size 
of  the  body.  As  a result,  these  classical  theories  of  failure  predict  that  the 
strength  of  a body  is  that  of  its  elements  and,  hence,  that  all  bodies  of  a 
material  should  have  the  same  strength.  This  prediction  of  uniqueness  of 
strength  is  not  supported  by  experimental  data.  Not  only  do  experiments 
conducted  on  nominally  identical  specimens  reveal  a variation  in  fracture 
streneth,  but  tests  conducted  on  specimens  of  different  sizes  reveal  a varia- 
tion of  fracture  strength.  This  apparent  effect  of  size  on  fracture  strength 
has  been  observed  in  a large  number  of  tests  on  specimens  of  brittle  mate- 
rial's such  as  glass(^>  ^),  plaster  of  Paris('^>  ^),  rock  salt(^),  crystalline 
minerals  (2,  7),  cast  iron  (8,  1 10),  porcelain(l  I),  and  steel  at  low  tempera- 
tures(l^). 


The  phenomenological  theories  mentioned  earlier  belong  to  the  classi- 
cal group  of  theories  that  predict  a unique  fracture  strength  of  a material. 

As  a result,  these  phenomenological  theories  fail  to  predict  the  effect  of 
size  on  fracture  strength  observed  in  brittle  materials, 

The  mechanistic  theories  which  are  based  on  the  flaw  concept  of  frac- 
ture do  predict  that  the  strength  of  a body  may  vary  with  its  physical  size. 

The  statistical  theories  of  strength,  in  particular,  predict  an  effect  of  size 
on  the  fracture  strength  of  a materisl.  The  fundamental  hypothesis  of  these 
theories  is  that  materials  are  weakened  by  the  presence  of  very  small  ‘'flaws'' 
or  localized  stress  concentrations  in  their  structure.  According  to  this  con- 
cept, there  will  be  a certai;»  probability  that  fracture  will  take  place  in  a 
stressed  unit  of  material  containing  these  flaws.  This  probaoility  is  expected 
to  be  a function  of  the  average  level  of  the  stress  in  the  unit  and  of  the  physi- 
cal size  of  the  unit.  Consequently,  this  concept  has  led  to  the  prediction 
that  the  observed  fracture  stress  of  a material  should  decrease  with  size, 
and  that  the  standard  deviation  of  the  strength  of  a number  of  specimens 
should  decrease  with  an  increase,  in  size.  Since  the  strengths  of  certain 
ceramic  materials  have  been  observed  to  vary  with  size,  it  would  be  profit- 
able to  initiate  the  study  of  the  fracture  of  such  materials  by  a study  of  size 
effects.  Such  an  effort  was  undertaken  during  the  period  of  this  report. 

Although  determining  the  nature  of  the  effect  of  size  on  strength  should 
be  the  ultirnate  goal  of  any  size-effect  study,  the  first  requirement  is  to 


•References  are  listed  at  the  end  of  the  report. 
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establish  the  existence  oi  a size  effect.  Therefore,  a program  was  set  up 
during  this  period  to  determine  the  existence  of  a size  effect  in  the  various 
stress  sLateii  — tension,  eon-iprcssicn,  bending,  and  torsion. 

Briefly,  it  was  propoi-ed  that  elastic  and  fracture  data  be  obtained 
from  tests  on  different  sizes  of  geometrically  similar  specimens,  and  that 
these  data  be  compared.  If  the  fracture  strengths  cl  the  various  sizes 
showed  no  significant  scatter  or  trend,  it  could  be  concluded  that  there  was 
no  significant  effec':  of  size  on  fracture  strength  at  that  particular  tempera- 
ture and  strain  rate.  Conversely,  if  analyses  of  the  fracture  data  showed  a 
significant  variation  in  behavior  with  size,  the  existence  of  an  effect  of  size 
on  fracture  strength  could  be  postulated. 

Once  the  existence  of  an  effect  of  size  on  strength  was  established,  a 
study  of  the  nature  of  this  effect  could  be  undertaken  and  an  attempt  made  to 
analyze  the  data  by  means  of  existing  theory. 

Size-Effect  Experiments  on  Plaster 

Hydrostone  plaster  was  chosen  as  a material  on  which  to  study  the 
effect  of  size  on  strength.  Tension,  torsion,  bending,  and  coi'^pression 
specimens  were  designed  for  carrying  out  the  size-effect  program.  Two 
sizes,  3.  large  and  a small,  of  each  specimen  were  designed,  and  these 
sizes  were  geometrically  similar  in  all  cases  except  one.  (The  two  tension 
specimens  were  not  similar  in  their  end  regions,  but  were  similar  in  their 
gage  sections;  Figure  4.)  The  large  torsion,  bending,  and  compression  spec- 
imens were  5 tim.es  the  size  (125  times  the  volume)  of  the  small  specimens. 
The  large  tension  specimen  was  4 times  the  size  (64  times  the  volume)  of 
the  small  tension  specimen.  A series  of  tests  was  conducted  on  each  size 
of  these  specimens,  and  the  resulting  data  were  compiled  and  analyzed.  The 
experiments  on  plaster  were  so  designed  that,  if  they  proved  successful,  the 
techniques  and  analyses  developed  could  be  used  to  extend  the  size-effect 
program  to  other  cerarr'c  materials. 

Compiession  Tests 

Compression  tests  were  run  to  fracture,  but  no  quantitative  analysis 
of  apparent  fracture  strengths  was  attempted  owing  to  the  invalidating  effect 
of  end  restraints  upon  data  on  fracture  in  compression.  (See  section  of  re- 
port entitled  "Ef.ect  of  Friction  on  Compression  Strength".)  Elastic  data  in 
compression  were  compared,  however,  for  the  purpose  of  establishing  the 
relation  between  the  moduli  of  elasticity  in  tension  and  in  connpresslon. 

Specimens.  The  sizes  of  compression  specimens  used  in  this  size- 
effect  program  are  shown  in  Figure  1.  A ratio  of  length  to  diameter  of 
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Specimen 

Size 

0 

1 

1 

0.500 

1.125 

5 

2.500 

5.625 

Dimensions  in  inches 


FIGURE  I.  SIZE-EFFECT  COMPRESSION  SPECliwENS 
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<2.25  was  choven  in  order  to  insure  more  uniform  stress  distviDut'ion  in  the 
gage  section. Fig  it  e 2 is  a photograph  of  the  Hydrostonc  plaster 
specimens  of  the  largest,  No.  5,  and  the  smallest,  No.  1,  sizes  upon  which 
compression  tests  were  conducted.  The  volume  of  the  No,  5 specimen  is 
.125  times  that  of  the.  No.  1 specimen.  In  the  casting  and  curing  of  these 
specimens,  the  standard  technique  for  casting  and  curing  Hydrostone  plaster 
v/as  employed  (see  AF  Technical  Report  No.  52-67). 

The  methods  used  in  testing  these  Specimens  are  described  in  a later 
section  of  this  report.  In  addition,  the  procedure  used  in  calculating  the 
various  data  from  the  size-effect  compression  tests  is  discussed  in  detail  in 
Appendix  I.  It  should  be  pointed  out  here  that  all  strain  data  were  calculated 
taking  into  consideration  the  effect  of  the  transverse  sensitivity  of  the  strain 
gages.(^^) 

Results.  The  data  obtained  from  the  size-effect  tests  on  Hydrostone 
compression  specimens  are  given  in  Table  1.  The  stress  reported  in  Table  I 
as  the  "conr.pression  strength"  is  the  axial  stress  at  fracture  obtained  by 
dividing  the  load  at  fracture  by  the  cross-sectional  area.  Thia  was  not  re- 
ported as  a fracture  stress,  because  it  was  not  the  stress  in  the  region 
where  fracture  initiated.  The  significance  of  this  interpretation  is  discussed 
in  detail  in  another  section  of  this  report. 

The  data  in  Table  1 indicate  that  small  specimens  of  Hydrostone  have 
higher  compression  strengths  than  large  specimens  and  that,  for  the  size 
variation  studied,  this  difference  in  strength  was  of  the  order  of  8 pe*-  cent. 

It  is  important  to  note  that  these  data  indicate  an  increase  in  strength  with 
a decrease  in  size.  This  is  precisely  the  effect  predicted  by  the  mechanistic 
theories  of  strength. 

The  compression  size-effect  specimens  of  Hydrostone  failed  with  the 
typical  "cone  type"  fracture  observed  in  other  biittle  macerials.  In  most 
cases,  this  "cone  of  fracture"  was  observed  only  at  the  top  end  of  the  speci- 
men, The  apparent  reason  for  the  consistent  appearance  of  the  cone  at  the 
top  of  the  specimen  was  that  the  top  surface  was  rougher  than  the  bottom  sur- 
face. The  resultant  effect  upon  the  compression  test  was  the  creation  of  a 
higher  frictional  resistance  to  lateral  expansion  at  the  top  than  at  the  bottom 
of  the  specimen. 

At  this  point,  the  question  of  whether  or  not  the  reported  compression 
strength  cculd  have  any  value  in  the  investigation  of  fracture  phenomena 
arose.  The  compression  test  was  studied  in  an  attempt  to  appraise  its  value 
in  a study  of  size  effects.  As  a result  of  this  evaluation,  it  was  decided  to 
forego  any  attempt  to  analyze  fracture  data  from  the  conventional  compres- 
sion test.  The  reason  and  significance  of  this  decision  have  been  discussed 
in  detail  in  a later  section  entitled  "The  Effect  of  Friction  on  Compression 
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Strength”.  It  rnay  suffice  here  to  eay  that  the  recults  of  compr eesion  testa 
indicated  an  effect  of  on  the  nominal  compression  strengtii  c>f  Kydro- 

stone  plaster. 

Froiri  the  elastic  data  In.  Table  i,  it  would  appear  that,  in  compression, 
small  specimens  of  Hydrostone  have  a higher  modulus  of  elasticity  than 
large  specimens  of  Hydrostone.  The  data  also  indicate  a variation  of 
Poisson's  ratio  between  the  two  sizes  of  about  1.  5 per  cent,  or  less  than 
the  probable  error  in  the  mean  vadue  of  Poisson's  ratio  for  both  sizes. 

Hence,  it  would  appear  that  the  two  sizes  exhibited  essentially  the  same 
Poisson's  ratio  in  c orb  press  ion. 

Typical  stress^strain  curves  for  No.  l-size  and  No.  5-size  specimens 
are  shown  in  Figure  3.  The  variations  in  modulus  and  fracture  strength 
with  size  are  immediately  apparent  from  a comparison  of  these  curves.  It 
is  of  interest  that  the  stress-strain  curves  of  the  large  and  small  specimens 
were  not  linear  ail  the  way  to  fracture.  This  was  observed  in  varying  de- 
grees for  these  compression  specimens. 

These  data  raise  the  important  question  of  whether  different  sizes  of 
ceramic  bodies  exhibit  different  moduli.  The  mechanistic  theories  of  frac- 
ture do  predict  a variation  In  fracture  strength  similar  to  that  observed 
here,  but  they  anticipate  no  decrease  in  elastic  modulus  with  size.  Never- 
theless, these  data  indicate  a 5 per  cent  variation  in  Young's  modulus  with  a 
fivefold  increase  in  size. 

In  anticipation  of  a variation  of  modulus  with  size,  the  first  three 
batches  of  compression  specimens  were  not  fractured.  Instead,  they  were 
returned  to  the  curing  oven  and  allowed  to  continue  curing.  These  speci- 
mens were  removed  periodically,  tested,  and  returned  to  curing.  When 
these  aging  tests  were  initiated,  it  was  felt  that  the  observed  variation  of 
modulus,  with  size  might  result  from  a transient  curing  phenomenon.  How 
ever,  the  data  in  Table  Z tend  to  refute  this  explanation,  Indicating  that, 
even  after  127  days  of  curing,  there  is  no  significa  nt  change  in  the  elastic  • 
properties  of  either  large  or  small  compression  specimens.  Hence,  it 
appears  that  the  variation  in  elastic  properties  with  size  obserye.d  in  the 
compression  size-effect  tests  did  not  result  from  a transient  curing 
phenomcnoni 

Tests  were  conducted  also  to  determine  whether  the  type  of  loading 
had  any  effect  on  the  elastic  properties  of  Hydrostone  in  compression.  Com- 
pression specimens  of  both  sizes  were  loaded  through  three  cycles  of  con- 
tinuous loading  and  three  cycles  of  incremental  loading.  The  results  of 
these  tests  were  as  . shown  on  page  17. 
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rt  r 1 rr»  i»  n M 
- 

Type  of 

1 nr 

Q 

Modulus  of  Elasticity,  10^  psi 

r\  f >>  A A A ^ ^ \ 

3-H50C-5 

Continuous  ' 

2.  23 

Incremental 

2.  22 

3-H50C-9 

Continuous 

2.57 

Incremental 

- 2.61 

These  data  indicate  no  significant  difference  in  elastic  properties  with 
the  two  types  of  loading;  however,  incremental  loading  produced  somewhat 
more  erratic  data  than  continuous  loading. 

In  addition  to  the  curing  tests  described  above,  the  plaster  from  a 
large  compression  specimen  was  subjected  tc  chemical  analysis.  The 
results  of  this  analysis  were  compared  with  the  results  of  a similar  analysis 
on  a small  compression  specimen.  The  moduli  of  these  specimens  were  as 
follows: 

Modulus  of  Elasticity,  10^  psi 
Specimen  No.  (Average  of  Two  Testa) 

8-H10C-22  2.40 

(Small) 

8-H50C-15  2.25 

• (I^arge) 

The  chemical  analysis  of  the  plaster  from  these  specimens  gave: 


Specimen Composition,  per  cent 


No. 

CaS04 

Si02 

A1203 

CaO 

MgO 

HzO 

MnO,  SrO,  Fe,  Cu 

8-H10C-22 

(Small) 

50.  7 

0.5 

0.2 

28.  5 

0.  5 

19.  5 

0.03-0.25 

8-H50C-15 

(Large) 

47.  9 

0.  5 

0.  2 

31,  1 

0.  5 

.19.  7 

0. 03-0. 25 

The  results 

of  these 

analyses  indicat 

there 

was  little  difference  bc" 

tween  the  plasters  of  the  large  and  the  smoll  specimens.  The  only  difference 
occurred  in  the  amount  of  CaO  present  in  each.  Whether  this  small  differ- 
ence (2.  6 per  cep  ) in  CaO  can  account  for  the  observed  variation  in  modulus 
of  elasticity  is  unknown  at  this  time. 

There  appear  to  be  two  possible  explanations  for  the  observed  variation 
of  compression  modulus  with  size  in  Hydrostone  plaster.  One  explanation  is 
that  the  variation  results  from  a difference  in  the  materials  themselves.  It 
is  possible,  owing  to  variations  in  the  thermal  and  curing  histories  of  the 
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two  sizes,  that  the  plaster  in  the  small  specimen  was  not  the  same  aa  the 
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age.  The  other  possible  explanation  is  that  this  ya.riatipn  in  modulus  with 
size  was  a true  size  effect.  It  is  interesting  that  Reinkober( found  that 
both  the  modulus  of  elasticity  and  the  modulus  of  rigidity  of  silica  fibers 
depended  on  the  fiber  thickness. 


It  is  important  to  note  that  here  the  variation  in  moduli  between  batches 
of  the  same  size  was  of  the  order  of  5 per  cent  in  some  cases,  and  that  the 
variation  of  the  mean  values  (4.  7 per  cent)  of  the  two  sizes  was  not  much 
greater  than  the  probable  error  in  the  means.  V/hen  these  observations  were 
combined  w'ith  the  analysis  of  the  elastic  data  from  other  stress  states,  it 
was  felt  that  th:  s variation  in  modulus  with  size  was  somewhat  anomalous. 


As  for  the  existence  of  a size  effect  in  plaster  in  compression,  the 
tests  so  far  conducted  on  plaster  indicate  that  the  strengths  of  compression 
specimens  are  affected  by  their  size. 


Tension  Tests 

Elastic  and  fracture  data  were  cbtainca  from  the  tension,  size-effect 
tests.  Elastic  data  were  used  to  establish  control  of  the  tests  and  in  the 
correlation  of  fracture  data.  Fracture  data  were  recorded  in  an  effort,  first, 
to  determine  whether  an  effect  of  size  on  strength  existed,  and,  second,  to 
study  the  quantitative  effects  of  size  and  stress  state  on  fracture  data. 

Specimens.  Considerable  difficulty  has  been  encountered  in  tension 
tests  of  cerairac  material's.  One  of  the  major  sources  of  uifficulty  has  been 
the  maintenance  of  axiality  of  loading  during  the  test.  With  the  specimens 
used  previously  in  this  investigation  (see  AF  Technical  Report  No,  6512, 
Figure  1),  the  specimens  tended  to  change  alignment  during  the  test,  intro- 
ducing extraneous  bending  stresses.  An  alternate  tension  specimen  employ- 
ing "cast-in"  pins  or  bushings  was  developed  during  this  period  in  an  effort 
to  eliminate  this  difficulty.  With  pins  or  bushings  accurately  located  on  the 
center  line  and  with  a Universal-type  loading,  the  alignment  should  not  change 
during  the  test. 

The  two  sizes  of  this  alternate  tensile  specimen  used  in  the  size-effect 
study  are  shown  in  Figure  4.  Some  success  w'as  obtained  with  these  speci- 
mens in  maintaining  alignment.  However,  some  difficulty  arose  in  maintain- 
ing acerrate  location  of  the  bushings  in  the  casting. 

It  should  be  noted  that  these  two  size-effect  tension  specimens  were 
not  geometrically  similar  in  the  region  of  the  pin.  Initial  tests  with  speci- 
mens exactly  4 times  the  size  of  the  No,  I specimen  produced  an  undesirable 
number  of  fractures  across  the  head  section.  As  a result,  this  portion  of 
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the  No.  4 specimen  was  widened  to  reduce  the  gross  stress  at  the  pin.  At 
the  same  tim.e,  geometric  similarity  of  the  two  specirrens  in  the  region  of 
the  gage  section  was  maintained  to  retain  similai  ity  of  stress  distribution. 
Tests  conducted  on  the  redesigned  No.  4 specimen  produced  acceptaole  frac- 
ture data.  Figure  5 is  a photograph  of  these  tw^  aize-effect  tension  speci- 
mens of  Hydrostone  plaster. 

The  methods  used  in  testing  the  size-effect  tension  specimens  are 
described  in  detail  in  a later  section  of  this  report. 

The  procedure  used  in  the  calculation  of  the  data  from  the  size-cffcct 
tension  tests  is  given  in  detail  in  Appendix  I. 

Results.  The  elastic  and  frac.ure  data  obtained  from  the  tests  on  the 
No.  1-size  tension  specimen  are  given  in  Table  3.  The  elastic  and  fracture 
data,  obtained  from  the  No.  4-size  tension  specimen  are  given  in  Table  4.. 

The  values  of  modulus  of  elasticity  reported  in  Tables  3 and  4 are,  with  a 
few  exceptions,  the  averages  of  four  or  more  elastic  determinations.  The 
value  of  strength  reported  is  the  average  axial  stress  in  the  specimen  at 
fracture:  that  is,  the  load  at  fracture  divided  by  the  cross-sectional  area. 

It  is  particularly  important  to  note  that  a certain  eccentricity  was  observed 
in  certain  of  these  tests.  This  eccentricity  appeared  to  vary  fi-om  specimen 
to  specimen  and,  as  a result,  the  strength  reported  was  not  the  actual 
maximum  stress  in  the  specimen.  Consequently,  the  mean  strengths  of 
these  specimens  were  affected  by  the  eccentricity.  Analysis  of  the  effect  of 
eccentricity  on  the  strength  data  obtained  from  the  tensile  test  indicated 
that  the  strength  of  a specimen  (the  maximum  sti  ess  in  the  specimen  at 
fracture)  should  increase  with  increasing  eccentricity.  (For  a more  de- 
tailed discussion  of  this  subject,  see  the  section  entitled  "Effect  of  Super- 
posed D'‘*nding  Stresses  on  Tension-Test  Data",)  As  a result,  it  was  felt 
that  the  mean  strength  values  were  somew’hat  higher  than  they  would  have 
been  had  no  eccentricity  been  present. 

The  data  in.  Tables  3 and  4 indicate  that  the  modulus  of  elasticity  on 
Hydrostone  plaster  in  tension,  within  the  limits  of  accuracy  of  these  tests, 
does  not  vary  with  size.  It  is  interesting  to  note  that  the  lixisting  variation 
of  modulus  was  opposite  to  that  observed  in  the  size-effect  comprossion 
teste;  that  is,  here  the  larger  specimen  appeared  to  have  the  higher  modulus. 
This  served  to  substantiate  the  hypothesis  that  the  variation  observed  in  the 
results  of  the  size-effect  compression  tests  was  due  to  experimental  causes. 

Typical  stress-strain  curves  for  the  No.  1 and  No.  4 tension  specimens 
are  given  in  Figure  6.  It  can  be  seen  from  Figure  6 that  little  nonlinearity 
is  present  in  these  stress-strain  curves.  The  effect  of  size  on  the  fracture 
strength  of  plaster  in  tension  is  also  evident  in  Figure  6. 

It  is  important  to  point  out  that  the  mounting  of  SR-4  strain  gages  on 
the  g£  ge  section  surfaces  of  the  No.  1 tension  specimens  appears  to  have 
strengthened  these  specimens.  This  may  have  caused  the  mean  strangch  in 


FIGUU^  5.  SIZE-EFJECr  TENSION  SPECIMEKS  OF  PLASTER 


TABLE  3.  ELASTIC  AND  FRACTURE  DATA 


V/ADC  TR  53-50 


-7.1- 


12.  s i s i i I § S ^ I s 5 s s S s r*;?  p j5  g o JO  o o o 
“ -I  -c  --1  3 El  2 S3  " ^ « “ ” ” ^ S P ^ P P 


^-4  r-«  .7>  O 

•■<  r~t 


0>  r-4  CX) 

(M  OO  O 
CJ  C»J 


e:c:e;-^'-'-''-''^“222SP22oooooo 


i:xxxsxxxxx 


xxxxxxSSSS 


f*  cn  C7S 
h-  t'-  o 
» • » 
H F-  H 
o o o 

— 4 r-H  • 

XXX 


™ - s 

cj  -q  o.  I- 

fc!  “■  X 

to  -t  -< 


^ CO  CO  r-» 


N (N  « N c-i  <N  (N  pi  ci  • c^-  oi  ci  M Ci  Ci  oi  ci  ci  ci  ' 


*-«  o >J* 
CO  CO  OJ 


X--.XXXXXXXXXXXXX^-^^ 


500 


-25- 


V/ADC  TR  53-50 


Table  3 to  be  fictitiously  high.  A compafison  of  the  fracture  strengths  from 
gage-free  specimens  with  strengths  from  specimens  with  gages  led  ',o  the 
following; 


Condition 


Number  of  Speclinens  Tensile  Strength,  psi 


With  gages 


21 


1280 


Without  gages 


25 


1195 


This  comparison  suggested  comparing  the  mean  strength  reported  in  Table  3, 
1245  psi,  with  the  mean  strength  in  Table  4,  375  psi.  The  latter  value  was 
obtained  from  specimens  almost  all  of  which  were  free  of  gages,  while  the 
former  value  was  obtained  from  specimens  pf  both  types.  As  a result,  the 
following  mean  strengths  were  reported  for  the  Ko.  1-  and  No.  4-  size  speci- 
mens without  gages: 


Specimen 

No.  1 
No.  4 


Mean  Strength, 
psi 

1195  ± 60 
915  i 65 


Standard  Number  of 

Deviation  Specimens 


175  25 

135  19 


It  should  be  noted  in  the  case  of  those  No.  I tension  specimens  with  gages 
that  fracture  was  observed  to  take  place  both  through  and  outside  the  gage. 


Additional  tests  were  made  to  determine  whether  the  type  of  loading 
had  any  effect  upon  elastic  data  obtained  from  the  tension  tests.  Several 
No.  l-size  specimens  were  tested  under  both  incremerital  and  continuous 
loading  and  the  data  compared.  Each  tensile  specimen  was  subjected  to  three 
incremental  loadings  and  to  three  continuous  loadings.  The  results  of  these 
tests  are  given  below: 

Modulus  of  Elasticity, 


Spec imen  No.  Type  of  Loading  10^  psi 


KlOT-31  Continuous  2.30 

Incremental  2,  35 

HlOT-32  Continuous  2.25 

Incremental  2,23 


These  data  indicate  that  the  type  of  loading  had  little  effect  upon  elastic  prop- 
erties obtained  from  the  small  tension  specimen.  It  was  noted,  however, 
that  data  taken  from  incrementally  loaded  specimens  tended  to  be  more 
erratic  than  data  from  continuously  loaded  specimens. 


It  should  be  pointed  out  that  specimens  H40T  - 7,  H40T  - 13,  and 
H40T  - 16  (see  Table  4)  were  specimens  of  the  eld  design  (exactly  4 times 
the  size  of  the  No.  i specimen)  and,  hence,  not  of  the  same  design  as  the 


remaining  specimens  in  Table  4.  The  mean  strength  reported  in  Taole  4 
includes  these  specimens.  If  the  strengths  of  these  specimens  are  excluded, 
a mean  strength  of  880  ± 60  psi  and  a standard  deviation  of  155  psi  s.re  ob- 
tained. These  fracture  data  and  the  data  in  Table.s  3 and  4 do  indicate,  how- 
ever, that  the  fracture  strength  of  Hydrostone  plaster  in  tension  decreases 
about  30  per  cent  with  a fourfold  increase  in  size.  The  data  in  Table  3 and 
Table  4 would  seem  to  indicate  that  the  standard  deviation  of  the  strength 
might  increase  with  size,  however,  no  such  s.onclusion  should  be  drawn  yet, 
since  the  individual  deviations  v/ere  determined  from  unequal  numbers  of 
specimens.  It  is  noteworthy',  though,  that  the  observed  effect  of  size  on 
strength  agreed  qurlitatively  with  the  effect  predicted  by  the  mechanistic 
theories. 


In  all  of  these  tests,  the  fracture  of  these  specimens  appeared  typically 
brittle,  that  is,  normal  to  the  maximum  tensile  stress.  It  i»  important  to 
add  that,  in  rriany  ir stances,  fracture  appea.red  to  initiate  at  the  surface  of 
the  specimen.  The  actual  relative  influence  of  the  surface  or  possible  sur- 
face "flaws",  although  certainly  important,  was  not  considered  at  this  stage 
of  the  investigation. 


Bend  Tests 

. As  a part  of  the  program  to  determine  the  effect  of  size  upon  fracture 
phenomena,  bend  tests  were  conducted  on  plaster  bend  specimens  of  two 
different  sizes.  The  fracture  data  from  these  tests  w;re  reenrded  ir.  an 
effort,  first,  to  determine  whether  an  effect  of  size  existed  on  strength,  and, 
second,  to  study  the  quantitative  effects  of  size  and  stress  state.  Elastic 
and  fracture  data  were  obtained  from  these  tests.  The  elastic  data  mere 
used  to  establish  control  of  the  testa  and  for  corruiation  of  the  fracture  data. 

Specimens.  The  bend  test  is  a common  test  used  by  ceramic  engi- 
neers to  determine  the  mechanical  properties  of  cerarrdc  bodies,  Thv*  bend 
test  was  chosen  to  be  used  in  this  investigation  for  the  evaluation  of  ceramic 
bodies;  however,  the  nature  of  this  Investigation  required  that  the  data  ob- 
tained from  the  bend  test  be  as  quantitatively  precise  as  possible. 

In  previous  periods  of  this  study,  bend  tests  were  conducted  on  speci- 
mens of  the  design  shown  in  Figure  9 of  AF  Technical  Report  No.  6512. 
Specimens  of  this  design  were  loaded  in  the  manner  shown  in  Figure  S of 
that  report,  i.  e.  , as  a solid  beam  in  bendi.'jg.  In  this  type  of  loading,  the 
bend  specimen  is  not  loaded  at  the  neutral  axis.  As  a result,  undesirable 
friction  forces  arc  introduced.  Since,  by  their  nature,  these  frictional 
forces  are  unknown,  they  introduce  errors  into  the  resulting  bend  date, 

(For  a discussion  of  the  significance  of  friction  in  bend  te.sts,  see  WADC 
Technir.al  Report  52-67.) 
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In  order  to  alleviate  friction  forces,  an  alternate  bend  specimen  was 
designed  for  the  size-effect  program  which  permitted  loading  at  the  neutral 
axis.  This  alternate  design  provided  for  the  use  of  bushings  in  the  specimen 
These  bushings  were  located  accurately  on  the  neutral  axis  of  the  specAioen, 
and  were  cast  into  the  plaster  specimen.  The  load  was  transmitted  through 
hardened  steel  pins  inserted  through  the  bust.ings.  Thus,  a pure  bending 
moment  could  be  transmitted  to  the  gage  section  of  the  specimen  without 
introducing  unknown  friction  forces.  The  tv-o  sizes  of  this  alternate  bend 
specimen  used  for  t'ue  size-effect  study  on  plaster  are  shown  in  Figure  7, 

Figure  G shows  alternate  bend  specimens  of  the  twe  sizes  used  in  this 
program.  It  should  be  noted  that  l/Z-inch-diametcr  brass  bushings  were 
used  in  the  No,  5-size  bend  specimen.  No  huahings  were  used  In  the  No,  1- 
size  specimen;  instead,  the  pins  were  cast  directly  into  the  specimen# 

These  specimens  of  Hydrostene  were  cured  in  the  same  manner  the 
size-effect  compression  specimens.  Each  specimen  was  marked  as  It  was 
rernoved  from  the  mold,  in  order  to  insure  the  same  relative  oricntatifui  in 
each  test. 

The  methods  used  in  testing  these  bend  specimens  are  given  in  detail 
later  in  this  report. 

Results.  The  procedure  followed  in  the  calculation  of  data  from  these 
bend  specimens  is  outlined  in  detail  in  Appendix  I.  Data  o'  tained  from  the 
tests  on  small,  No,  l-sizc  bend  specimens  are  given  in  Table  5.  Elastic 
data  obtained  from  large,  No.  5-size  bend  specimens  are  given  in  Table  6. 
Fracture  data  from  the  No.  5-size  specimens  arc  given  in  Table  7. 

It  should  be  noted  that  the  moduli  reported  in  Table  5 for  the  small 
bend  specimens  were  not  equal.  If  it  is  assumed  that  the  modulus  of  elastic- 
ity is  the  same  in  tension  as  in  compression,  the  values  in  Table  5 represent 
a measure  of  the  state  of  stress  in  each  bend  specimen.  Theoretically,  if 
the  recorded  tension  and  compression  moduli  were  equal,  a state  of  pure 
bending  would  have  existed  in  the  specimen.  The  fact  t’nat  the  strains  on  the 
top  and  bottom  surfaces  were  not  equal  indicates  that  this  assumption  is 
faulty,  or  that  extraneous  axial  stresoes  shifted  the  .leutral  axis.  It  does 
not  seem  logical  to  assume  that  the  consistently  greater  strain  on  the  tension 
surface  was  due  to  random  stresses.  It  seems  more  logical  that  the  two 
strains,  tension  and  coniprcssion,  were  unequal  ao  a res'.ilt  of  different  ten- 
sile and  compressive  properties  or  as  a result  of  a consistent  axial  tensile 
stress. 

It  is  interesting  to  note  that  the  elastic  data  on  the  large  bend  specl/nen 
(Table  6)  indicated  an  inequality  of  moduli  opposite  to  that  observed  on  the 
small  bend  specimen.  It  does  not  seem  logical  that  such  a reversal  should 
result  from  the  basic  designs  of  the  specimens,  but,  rather,  from  a differ- 
ence in  the  loadings  of  the  specimens.  Both  of  these  variations  could  have 


TABLE  6.  ELASTIC  DATA  FROM  NO.  5- SIZE  PLASTER  BEND  SPECIMENS 
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TABLE  7.  FRACTURE  DATa  FROM  NO.  5-SIZE  PLASTER 
BEND  SPECIMENS 


Spocimer.  No. 

Strength,  psi 

SjH'Cirhcn  No. 

Strength,  psi 

H50B-8 

1345 

H50B-32 

950 

H50B-9 

1325 

H50B-33 

1265 

H50B-10 

1535 

H50B  -34 

1245 

H50B-1 1 

1 170 

H50B-35 

1055 

H50B-12 

1355 

H50B-36 

1230 

H50B-13 

1270 

1I50B-37 

1265 

H50B-14 

1420 

H50B-38 

1345 

H50B-15 

1555 

H50B-39 

1225 

H50B-16 

1490 

H50B-40 

1015 

H50B-18 

1555 

H50B-41 

1030 

H50B-19 

1675  • 

H50B-42 

1110 

H50B-20 

920 

H50B-43 

1265 

H50B-21 

1300 

H50B-44 

1380 

H50B-22 

1125 

H50B-45 

1010 

H50B-23 

1265 

H50B-46 

1430 

H50B-24 

1225 

H50B-47 

1 120 

H50B-25 

1060 

H50B-48 

1570 

H50B-26 

1040 

H50B-49 

1510 

H50B-27 

790 

H50B-50 

1700 

H50B-28 

H50B-29 

835 

1175 

Mean  Value 

1250  ± 55 

H50B-30 

H50B-31 

1240 
1 105 

Standard  Deviation  215 
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resulted  from  variations  in  the  distonce  between  the  innermost  bushings, 
too  short  a distance  causing  an  axial  tensiot.  and  too  long  a distance  causir>g 
an  axial  compression. 

In  an  effort  to  determine  whether  or  not  the  relative  orientation  of  the 
specimen  in  the  test  (and,  hence,  its  orientation  in  the  mold)  infiaenced  the 
moduli  data,  experiments  were  condvicted  on  both  No.  1-  and  No,  S-size 
specimens  loaded  under  "normal"  and  "inverted"  orientations.  A "norriially" 
oriented  specirnen  was  tested  wdth  its  bottom  side  in  the  mold  in  tension.  An 
"inverted"  orientation  placed  the  bottom  side  in  compression.  The  data  from 
these  tests  are  given  below; 


Modulus  oi  Elagticit^f,  10^  psi 


Specimen  No. 

Orientation 

T ension 

Compression 

(Average 

of  Two  Determinations) 

HlOB-24 

Normal 

Inverted 

2.33 

2.47 

2.46 

2.43 

HlOB  - 30 

Normal 

Inverted 

2.  32. 
2.40 

2.60 
2.  57 

(Average  > 

of  Three  Determinations) 

H50B-13 

Normal 

Inverted 

2.  50 
2.43 

2.48 

2.46 

H50B-22 

Normal 

Inverted 

2.  34 
2.  16 

2.  17 
2,  32 

H50B-23 

Normal 

Inverted 

2.  31 
2.09 

2.  17 
2.  30 

In  general,  these  data  indicate  that  the  observed  inequality  between 
tension  and  compression  moduli  was  reversed  by  inverting  the  specimen  In 
the  loading  jig.  These  data  tend  to  refute  the  explan..tion  that  the  differences 
in  moduli  were  due  to  extraneous  axial  stresses,  since  these  stresses  should 
not  have  been  reversed  by  inverting  the  specimen. 

Additional  tests  were  conducted  on  No,  5 bend  specimens  to  determine 
whether  the  rate  of  loading  had  any  effect  on  observed  elastic  data.  No.  5 
bend  specimens' were  subjected  to  three  cjntinuous  loadings  and  to  three 
iricremental  loadings,  in  which  the  load  was  applied  in  steps  or  increments. 
The  data  from  these  tests  are  given  below; 

Type  of 

Modulus 

of  Elasticity,  10^  psi 

Specimen  No. 

LiOuuing 

T ension 

Compression 

H50B  - 8 

Incremental 

Continuous 

2.  34 
2.29 

2.  24 
2.22 

H50B  - 13 

Incremental 

Continuous 

2.  50 
2.47 

2.48 

2.46 
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Thcse  data  indicate  that  there  was  no  significant  difference  between 
elastic  data  obtained  from  the  differently  loaded  specimens;  however,  data 
from  the  ire r ementally  loaded  specimens  tended  to  be  more  erratic  than 
data  from  specimens  loaded  continuously. 

No  possible  explanation  could  be  found  for  the  reversal  of  moduli  data 
reported  above  other  than  that  the  elastic  properties  of  the  specimen  vary 
from  top  to  bottom  in  the  mold.  That  such  a large  variation  between  tension 
and  compression  moduli  could  be  attributed  to  orientation  was  not  obvious. 

In  sumrnary,  it  doer  not  seem  necessary  for  the  elastic  properties  of 
a body  to  he  the  same  in  tension  and  compression,  nor  does  it  seem  plausi- 
ble that, material  variables  could  cause  such  a large  variation  over  such  a 
small  depth.  At  the  same  time,  it  should  be  noted  that  the  variation  between 
moduli  was  for  both  specimens  within  the  probable  error  in  the  data.  As  a 
result,  it  was  felt  that  thes"  differences  in  moduli  reflected  experimental 
errors  of  unknown  origin,  and  that,  for  all  practical  purposes,  the  tension 
and  compression  moduli  were  equivalent. 

The  fracture  data  in  Tables  5 and  7,.  on  the  two  sizes  of  bend  speci- 
men indicate  that  small  bend  specimens  of  Hydrostone  plaster  were  stronger 
than  large  specimens  of  similar  design.  For  the  size  variation  studied,  this 
variation  in  strength  was  of  the  order  of  31  per  cent.  This  variation  was 
similar,  to  the  qualitative  effect  of  size  on  strength  predicted  by  the  mecha- 
nistic theories,  It  should  be  noted,  however,  that  the  standard  deviation  of 
the  strength  did  not  decrease  with  size  as  predicted  by  these  theories.  In 
light  of  these  data,  it  seems  plausible  to  conclude  that  the  size  of  a Hydro- 
stone plaster  body  does  affect  its  strength  in  bending;  that  is,  that  an  eftect 
of  size  on  strength  does  exist,  at  least  in  bending. 

The  quantitative  significance  of  these  results  is  discussed  in  more 
detail  later  in  this  report. 

Torsion  Tests 

As  mother  part  of  the  program  to  determine  the  effect  of  size  upon 
fracture  phenomena,  torsion  tests  were  conducted  on  plaster  torsion  speci- 
mens of  two  different  sizes.  These  tests  were  conducted  to  determine 
whether  an  effect  of  size  on  strength  existed  and  to  study  the  effects  of  size 
and  stress  state.  No  elastic  data  were  obtained  from  the  small  torsion 
specimens  due  to  the.’r  small  size.  Elastic  data  were  obtained,  however, 
on  the  No.  5-size  torsion  epeciinens.  Fracture  data  were  obtained  for  both 
sizes. 


Specimens.  The  torsion  specimens  used  in  this  size-effect  study  are 
shown  in  Figure  9.  The  dimensions  of  these  twti  sizes,  the  large  and  the 
small,  are  given  in  Figure  10.  As  in  the  case  of  the  bend  and  Compression 
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specinisns,  the  No.'  5-3ize  torsion  specimen  was  5 tirnee  the  size  of  the 
No,  1-size  torsion  speciiiien,  a volume  ratio  of  125, 

These  specimens,  like  the  other  sire-effect  specimens,  were  cast  in 
Liucite  molds.  The  procedures  for  casting  and  curing  these  specimens  were 
the  same  as  those  used  for  the  size-effect  compression  specimens.  All.  of 
the  torsion  tests  were  conducted  on  the  14th  day  after  casting. 

The  procedures  used  in  conducting  the  size-effect  torsion  tests  arc 
given  in  a later  section  of  this  report. 

Results.  In  the  calculation  of  the  torsion  strengths,  the  standard 
elastic  formula  was  used,  that  is: 

l6Mt 

Oj,  ■ — — i (1) 

7T 

where 

a torsion  strength,  psi, 

Mj  a applied  moment  at  fracture,  inch-pound, 

D = diameter  of  gage  section,  inches. 

The  elastic  data  obtained  from  the  No.  5-size  torsion  specimens  of 
Hydrostonc  plaster  arc  given  below: 


Specimen 
No, 

H50S  - 11 
H50S  - 12 
H50S  - 13 
K50S  - 14 
H50S  - 15 
Mean 


Modulus  of  Rigidity,  10^  psi 
(Average  of  3 Determinations) 

0,  810 
0.  799 
0.  835 
0.  863 
0.  845 

0.830±  0,026 


If  these  data  arc  used  to  determine  the  modulus  of  elasticity,  E,  from 
the  relation 

E = 2 (1  + v)G,  (2) 

where  G is  the  modulus  ol  rigidity  and  vis  Poisson's  ratio,  and  a typical 
value  of  V *>  0.  250  is  used,  E is  found  to  have  a value  of  2.08  x 10^  psi. 

This  value  is  somewhat  low  when  compared  with  values  of  E determined 
from  f>ther  size-effect  testa.  This  discrepancy  was  considered  to  be  due  to 
a low  experimental  value  for.  the  modulus  of  rigidity,  G.  Although  the  value 
of  2.  08  X 10^  psi  for  E is  reasonable  and  of  the  correct  order  of  magnitude, 
more  data  on  the  modulus  of  rigidity  would  be  required  before  the  relation 
between  the  two  moduli  could  be  clarified  completely. 
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The  frHcturr  f’ata  obtained  from  the  No.  1-tize  torsion  specimens  are 
given  in  Table  8 and  the  fracture  data  for  the  Mo.  5-size  torsion  specimens 
are  given  in  Table  9. 

These  data  indicate  that  both  the  strength  and  the  standard  deviation 
decrease  with  an  increase  in  size.  These  data  show  a decrease  in  strength 
of  approximately  30  per  rent  with  a fivefold  increase  in  size.  This  effect  of 
size  on  strength  and  standard  deviation  agreed  qualitatively  with  that  pre- 
dicted by  the  mechanistic  theories  of  strength.  The  quantitative  significance 
of  these  data  ia  discussed  later  in  this  report. 

In  all  cases,  these  specimens^  No.  1 size  and  No.  5 size  alike  frac- 
tured in  a brittle  manner;  that  is,  normal  to  the  maximum  tensile  stress  in 
the  body.  These  specimens  fractured  on  a helical  surface  oriented  at  45 
degrees  to  the  axis  of  the  specimen  (this  type  of  fracture  surface  is  typical 
of  brittle  materials).  In  almost  e^ery  case,  fracture  appeared  to  initiate  at 
or  very  near  the  outside  surface.  This  served  as  another  indication  that 
conditions  at  the  surface  of  bodies  of  this  material  may  influence  fracture. 

Summary  of  Size-Effect  Data  on  Hydrostone  Plaster 

Table  10  contains  a summary  of  all  the  elastic  data  obtained  from 
plaster  specimens  an  a part  of  the  program  to  determine  the  effect  of  size 
on  the  fracture  of  brittle  materials.  These  data  indicate  that  there  is  no 
significant  effect  of  size  on  modulus  in  tension.  The  bend  and  compression 
data  appear  to  indicate  such  an  effect;  however,  the  significance  of  the  varia- 
tion of  modulus  with  size  cannot  be  resolved  at  this  stage  of  the  investigation. 

Table  11  contains  a summary  of  all  the  fracture-strength  data  ob- 
tained from  the  plaster  size-effect  specimens.  These  data  indicated  that  an 
effect  of  size  on  the  strength  of  Hydrostone  plaster  does  exist.  In  turn  this 
effect  agrees  qualitatively  with  that  predicted  by  the  mechanistic  theories  of 
strength;  that  is,  the  strength,  and  the  standard  deviation  of  the  strength  de- 
creased with  an  increase  in  size.  This  decrease  in  strength  was  of  the 
order  of  30  per  cent  for  a fivefold  increase  in  size. 
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TABLE  8.  FRACTURE  DATA  FROM  NO.  1 -SIZE  PLASTER 
TORSION  SPECIMENS 


Specimen  No.  Strength,  psi 


HI  OS-2 

HlOS-3 

HI  OS- 5 

HlOS-8 

HI  OS-9 

HlOS-10 

HlOS-12 

HlOS-14 

HlOS-18 

HlOS-19 

H I OS-2 0 

HlOS-21 

HI  OS-2  2 

HlOS-23 

HlOS-24 

HlOS-25 

HlOS-27 

H I OS- 3 3 

KlOS-35 

HlOS-37 

HlOS-38 

HiOS-39 

H10S-40 

HlOS-41 

HlOS-42 

HI  OS- 4 3 

HI OS-44 

HlOS-45 

HlOS-46 

HlOS-47 

HlOS-48 

HlOS-50 


1605 

1540 

1465 

2460(0 

1600 

1385 

1490 

1375 

1755 

1740 

1340 

1580 

1735 

1715 

985 

1590 

1440 

1640 

1595 

1480 

1440 

13^0 

1635 

1895 

2035 

1805 

1530 

1560 

1160 

1500 

1620 

1260 


Mean  Value 

1545  dt  65 

Standard  Deviation 

210 

(1)  Rejected  from  compurailon  of  mc»n. 
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TABLE 

9.  FRACTURE  DATA  FROM  NO.  5-SIZE 
PLASTER  TORSION  SPECIMENS 

Specimen  Number 

Strength,  psi  Specimen  Number  Strength,  psi 

H50S-1 

1195 

H50S-36 

1375 

II50S-3 

1010 

H50S-42 

1260 

H50S-4 

1005 

H50S-43 

1070 

H50S-5 

880 

H50S-44 

1090 

H50S -7 

970 

II50S-46 

V55 

K50S-9 

1180 

■ H50S-47 

935 

H50S-11 

740 

H50S-48 

1050 

H50S-12 

970 

H50S-51 

1285 

H50S-13 

915 

H50S-52 

1310 

H50S-14 

940 

H50S-53 

1215 

H50S-15 

1050 

H503-54 

1280 

H50S-16 

680 

H50S-55 

. 1160 

H50S-17 

840 

K50S-58 

1380 

H50S-22 

840 

H50S-59 

1205 

H50S-25 

1240 

H50S-60 

1365 

H50S-27 

1250 

H50S-61 

1220 

H5GS-29 

1175 

H50S-62 

illO 

H50S-32 

1310 

H505-63 

1115 

H50S-35 

1600 

Mean 

1115  ± 55 

Standard  Deviation 


200 


• 
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TABLE  10  CUMULATIVE  ELASTIC 

DATA  F«OM 

PLASTER  SIZE- 

EFFECT  SPECIMENS 

* ■ 

i 

S t A :ui  fi  r d 

Probable 

Number  of 

Spircimen 

Prope  rty 

Mean  Value 

Dr  vialion'  * ' 

Error  (*  )(■) 

Specimens 

SrriHll  VcDBion 

Modulus  of  clnsticity,  10^  psl 

2.  40 

0 I) 

0.i;5 

22 

(No.  1 

Poisson*  s ratio 

0.  258 

0.  041 

0.  037 

6 

l^nrgff  tVnaion 

)i4ooalus  of  elasticity^  10^  pri 

2.  39 

0.  11 

0.  09 

22 

’ 

{ No.  ■4  site) 

Poisson*  s ratio 

0.  240 

0.  020 

0.018 

Sma]}  toriaon 

Modulus  of  rigidity,  10^  pai 

— 

... 

... 

-- 

■> 

(No.  1 .liie) 

J 

Large  torsion 

Modulus  of  rigidity,  IG^  ps.* 

0.8)0 

0.  026 

0.028 

5 

1 

(No.  5 mze} 

j 

Small  bend 

Tension  modulus  of  elasticity. 

2.51 

0.  1.5 

0.  11 

8 

V 

{No.  1 aiite) 

10^  pai 

Compression  modulus  of 

2.  5J 

0.  20 

0.  14 

elasticity,  10^  psi 

Large  Bena 

Teraion  modulus  of  ele^llclty. 

2.  )9 

0.  10 

0.  05 

13 

■; 

(No.  5 «i<e) 

10^  p«i 

J • 

Compres aion  modulus  of 

2.  )0 

0.  n 

0.  07 

1 3 

j 

elasticity,  10^  psi 

i 

Poisson*  s ratio 

0.  240 

0.  Oil 

0.  010 

, Small  compres- 

Modulus  of  elasticity,  10^  psi 

2.45 

0.  05 

C . 02 

14 

alon  (No.  1 size) 

Poisson*  s ratio 

0.252 

0.  018 

0.  0)4 

\ 

Large  Compres- 

Modulus  of  elasticity,  10^  psi 

2.  a 

0.  05 

0.  02 

14 

' sio<»  {No.  J aiie) 

Poi ^son*  s ratio 

0.248 

C.  008 

; 

(1)  See  Appendix  I 

. 

’4  * 

1 , 

“i  i 


table  n.  CUMULATIVE  fracture  data  from  plaster  size 
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- Correlation  of  Size-Effect  Data  on  Plaster  With 
Weibull's  Statistical  Theory  of  Strength 

One  of  the  intermediate  objectives  of  this  inve otigation  has  been  to 
determine  whether  any  of  the  existing  theories  of  strength  apply  to  the  frac- 
ture of  ceramic  :naterials.  It  was  pointed  put  pr";viously  in  this  report  that 
Weibull's  statistical  theory  of  strength(^^  ^9)  predicts  an  effect  of  sine  on 
strength.  Since  the  size-effect  tests  on  plaster  indicated  a size  effect,  an 
attempt  was  made  during  this  period  to  determine  the  applicability  of 
Weibull's  theory. 

Weibull  developed  expressions  relating  the  size  of  a body  and  its  sta- 
tistical strength  in  the  stress  states  of  tension,  bending,  and  torsion.  These 
expressions  were  used  to  determine  the  constants  for  V/eibiill's  theory  and 
to  compare  the  observed  strengths  with  those  predicted  by  his  theory.  In 
addition,  Weibull  developed  expressions  purporting  to  relate  the  strengths 
in  the  various  stress  states.  The  significance  of  the  effect  of  stress  state 
on  fracture  strength  is  discussed  in  a later  section  of  this  report.  The  spe- 
cific equations  used  to  obtain  the  predicted  strengths  appear  in  Appendix  III 
of  this  report,  along  with  a detailed  discussion  of  Weibull's  theory. 

Table  12  gives  the  size-effect  data  and  the  value  of  the  material  con- 
stant, m,  determined  from  each  stress  state.  In  addition  to  these  data,  the 
bend  data  reported  in  Table  4 of  V/A.DG  Technical  Pvepqrt  52-67  were  analyzed 
by  the  method  described  in  Appendix  IJI.  An  average  value  of  M,=  12  was 
determined  from  these  bend  data  as  compared  to  a value  of  m a 12.  9 in 
Table  12.  The  data  in  Table  12  indicate  an  approximate  aver-ge  value  of 
m a 14.  The  scatter  in  the  values  of  m is  quite  large  and  may  be  significant 
of  the  connifltency  of  the  size-effect  data. 

It  must  be  pointed  out  that  analyses  of  initial  portions  of  these  data 
indicated  a value  of  m of  approximately  12.  Due  to  the  complexity  of  these 
determinations,  it  was  found  expedient  to  use  a value  of  m *12  in  the  corre- 
lations and  calculations  from  V/eibull's  theory  which  appear  in  this  report. 

Mathematical  methods  have  been  used  throughout  this  report  in  the 
application  of  Weibull's  theory  to  the  fracture  data  on  Hydrostone.  Weibull's 
statistical  constants  have  been  determined  from  mathematical  treatments  of 
the  data;  however,  Weibull  has  developed  graphical  methods  for  the  determi- 
nation of  these  constants.  In  regard  to  this  problem,  he  points  out(^9). 

"For  determining  the  rnost  probable  values  of  the  distribution  constants 
for  a given  test  series  either  geometrical  or  arithmetical  methods  may  be 
used.  An  advantage  of  the  former  is  that  they  immediately  indicate  statisti- 
cal anomalies  in  the  series.  Therefore,  it  seems  to  be  advisable  that  the 
observations  should  first  be  treated  by  graphic  methods,  while  the  arithmet- 
ical methods  should  not  be  used  unless  the  results  of  the  graphical  treatment 
call  for  their  application," 
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TABLE  12.  MATERIAL  CONSTANTS  FOR  HYDROSTONE  PLASTER 


Standard 

Devviation 

Average 

.Mean 

of  Mea  n 

Material 

Spccim€-n 

Volume, 

Strength, 

Strength, 

Constant,  ( 

Stress  State 

Size 

in.  ^ 

psi 

psi 

m 

Tension 

1 

0.0633 

1195 

175 

15.6 

4 

4. 10 

915 

135 

Torsion 

1 

0. 0633 

1545 

210 

■ 14.4 

5 

6.92 

1115 

200 

Bending 

1 

5 

0.0190 

2.33 

1845 

1270 

210 

205 

12.9 

(1)  See  Appendix  UL, 

In  the  analysio  of  the  size-effect  data  of  this  investigation,  an  attempt 
was  made  to  apply  the  graphical  methods  to  which  Weibull  refers;  however, 
difficulty  whs  experienced  in  these  initial  attempts.  Additional,  more  re- 
fined methods  are  available  at  this  time  for  the  determination  of  these  dis- 
tribution constants,  but  these  new  methods  have  not  been  attempted. 

It  is  also  very  important  to  point  out  that  the  distribution  function  used 
in  this  study  of  Hydrostone  piaster  was  a greatly  simplified  one,  and  that 
more  refined  distribution  functions  are  avallable(*®» 

Table  13  gives  a comparison  of  the  observed  strengths  and  the  strengths 
predicted  from  Weibull’s  theory  for  the  large-size  specimen.  The  predicted 
values  were  calculated  to  show  the  order  of  variation  resulting  from  the  use 
of  different  values  of  m. 

In  addition  to  the  analyses  of  strength  data,  the  standard-deviation  data 
obtained  from  these  size-effect  tests  were  analyzed  and  compared  with  devi- 
ations predicted  from  VVeibull's  theory.  Expressions  were  developed  relat- 
ing specimen  size  and  standard  deviation  in  particular  stress  states.  The 
specific  equations  used  in  obtaining  the  predicted  deviations  appear  in  Appen- 
dix in.  The  analysis  of  the  standard-deviation  data  from  the  Hydrostone 
size-effect  specimens  is  given  in  Table  14.  It  can  be  seen  from  Table  14 
that  the  experimental  deviation  for  the  specimens  treated  was  not  in  good 
agreement  with  the  deviations  predicted  from  VVeibull's  theory.  The  values 
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TABLE  13.  COMPARISON  OF  EXPERIMENTAL  STRENGTHS  OF  LARGE 
PLASTER  SIZE -EFFECT  SPECIMENS  WITH  STRENGTHS 
PREDICTED  FROM  WEIBULL'S  THEORY 


Experimental 

Predicted  Strength,  psi^V) 

Specimen 

Strength,  psi 

m « 12 

m ■ 14 

Large  torsion 

1115 

1045 

1105 

Large  tension 

915 

845 

885 

Large  Lend 

1270 

1235 

1310 

(1)  See  A,  pendlx  III,  Jxjuttloni  (47),  (48),  and  (49). 

TABLE  14.  COMPARISON  OF  EXPERIMENTAL  STANDARD  DEVIATIONS 
OF  STRENGTH  OF  LARGE  PLASTER  SIZE -EFFECT 
SPECIMENS  WITH  DEVIATIONS  PREDICTED  FROM 
WEIBULL'S  THEORY 

Experimental 

Standard 

Deviation, 

Predicted  Standard 
Deviation,  psl^) 

Specimen 

psi 

Til  a 12 

m ■»  14 

Large'torsion 

200 

140 

150 

Large  tension 

135 

125 

130 

Large  bend 

205 

140 

150 

(1)  See  Appendix  III,  (86),  (71),  and  (77). 
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of  the  observed  standard  deviations  can  be  expected  to  change  as  the  number 
of  specimens  tested  is  increased.  As  the  nurriber  of  tests  in  each  group  be- 
comes quite  large,  the  observed  standard  deviation,  as  a property,  becomes 
more  reliable.  It  is  important  to  note  here  that  the  standard  deviation  of  the 
strength  of  a series  of  specimens  is  as  much  a property  of  the  series  as  the 
mean  strength.  It  has  been  pointed  out  in  another  section  of  this  report  that 
the  second moment  of  the  distribution  about  the  mean  is  equivalent  to  the 
square  of  the  standard  deviation.  Also,  it  is  in.portant  to  note  that  the  third 
and  fourth  moments  of  the  distribution  are  also  properties  of  a set  of  speci- 
mens, and  tiiat,  if  a complete  statistical  analysis  is  to  be  made  of  the  frac- 
ture of  a material,  each  of  the  pertinent  statistical  properties  must  be 
studied. 

Weibull  also  developed  expressions  for  predicting  the  effects  of  various 
stress  states  upon  the  standard  deviation  of  the  strength.  The  correlations 
of  the  size-effect  data  on  Hydrostone  with  these  predictions  appear  in  a later 
section  of  this  report. 

The  results  of  these  analyses  of  size-effect  data  indicate  that  it  may  be 
possible  to  predict  the  effect  of  size  on  the  strength  of  Hydrostonc  plaster  by 
using  Weibull‘8  theory, 

Size-Effect  Experiments  c i Porcelain 

It  will  be  recalled  that  the  size-effect  tests  on  Hydrostone-plaster  com- 
pression specimens  raised  an  important  question:  Do  ceramic  bodies  of 

different  sizes  exhibit  different  moduli  of  elasticity?  The  data  from  these 
compression  tests  on  plaster  (sec  Table  1)  indicated  that,  in  compression, 
small  specimens  of  Hydrostone  hi^ve  a higher  modulus  of  elasticity  than  la.ge 
specimens.  The  mechanistic  theories  of  fracture  do  predict  a variation  in 
fracture  strength  similar  to  that  observed  here,  but  they  anticipate  no  de- 
crease in  elastic  modulus  with  size.  It  is  possible  that  this  variation  re- 
sulted from  differences  in  thermal  histories,  or,  on  the  other  hand,  from  a 
true  size  dependence  of  modulus. 

In  an  effort  to  determine  whether  this  variation  of  modulus  was  charac- 
teristic of  ceramics  other  than  plaster,  a series  of  tests  was  conducted  on 
compression  specimens  of  po*'Cclain,  of  the  same  design  and  dimensions  as 
the  eizc-effect  compression  specimens  of  plaster  (see  Figure  1).  These 
porcelain  specimens  were  fabricated  by  the  Champion  Spark  Plug  Company 
of  Detroit.  The  preparation  and  the  testing  of  these  specimens  were  the 
same  as  the  preparation  and  testing  of  the  No.  1-  and  No.  5-size  plaster 
compression  specimens.  The  moduli  and  Poisson's -ratio  data  were  calcu- 
lated in  the  same  manner,  that  is,  using  the  techviiques  outlined  in  Appendix  I. 
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Table  15  gives  the  results  of  these  tests.  Only  elastic  data  are  given 
on  No.  l-size  and  No.  5-3ize  specimens.  These  specimens  were  not 
fractured. 

The  data  in  Table  15  reveal  only  a very  small  variation  in  elastic 
modulus  between  the  two  sizes  of  specimens.  Although  this  difference  ir 
moduli  was  in  the  same  direction  as  the  variation  observed  in  Hydrostone 
plaster,  the  difference  for  porcelain  was  of  such  a small  magnitude  that  no 
definite  statement  is  justified  as  to  whether  the  variation  of  the  compression 
modulus  of  Hydrostone  was  due  to  a true  size  effect  or  due  to  a material 
variable.  It  is  interesting  to  note,  hov^ever,  that  the  data  for  the  Hydrostone 
size-effect  bend  specimens  (sec  Tables  5 and  6)  exhibit  the  same  effect  of 
size  on  modulusi  At  the  same  time,  the  liydrostone  size-effect  te  ision  sped 
mens  exhibited  practically  no  variation  in  modulus  with  size.  Together, 
these  observations  would  secrh  to  indicate  that  a real  variation  of  el'cistic 
modulus  with  the  size  of  ceramic  bodies  does  not  exist,  or  is  of  such  a.  mag- 
nitude that  it  cannot  be  discerned  with  present  techniques. 
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THL  £i=’FECT  OF  STRESS  STATE  ON  MEC.HANICAL  PROPERTIES 


It  has  long  been  obsarv-ci  that  the  state  of  stress  in  a body  has  an  in- 
fluence on  its  fracture.  For  example,  tlie  compression  strength  (defined  by 
the  ordinary  compression  test)  of  a brittle  rnaterial  is  tnuch  higher  than  its 
tensile  strength,  sometimes  being  of  the  order  of  eight  times  the  tensile 
strength.  In  the  present  investigation,  the  ..ompression  strength  of  Kydro- 
stone  plaster  was  found  to  be  about  a.x  times  greater  than  the  tensile  strength. 
In  the  case  of  cast  iron,  which  is  not  truly  a brittle  material,  even  the  stress- 
strain  curves  in  tension  and  compression  differ.  Another  striking  example 
is  the  effect  of  high  hydrostatic  compression  stresses  on  the  behavior  of 
brittle  materials,  illustrated  by  the  fact  that  under  the  tremendous  pressures 
in  the  earth' s crust,  igneous  and  sedimentary  rocks  which  are  quite  brittle 
in  ordinary  compression  have  been  caused  to  flow  like  a viscous  fluid. 

Hovy  well,  then,  do  the  phenomenological  and  mechanistic  theories  of 
strength  predict  the  behavior  of  brittle  materials  under  varying  states  of 
stress? 

It  v/as  pointed  out  earlier  that  the  phenomenological  theories  of 
strength  belong  to  the  classical  group. of  theories  that  predict  a unique  frac- 
ture strength  for  a material.  The  phenomenological  theory  most  commonly 
applied  to  brittle  materials,  the  maximum-tensile -stress  theory,  postulates 
that  fracture  will  occur  when  the  maximum  tensile  stress  in  a body  reaches 
a certain  value.  This  theory  hag  been  found  to  agree  qualitatively  with 
fracture  data  on  brittle  materials  at  normal  temperatures  and  pressures. 
However,  this  theory  predicts  that  the  fracture  of  a brittle  material  is  in- 
dependent, of  the  other  two  principal  stresses.  This  would  mean  tliat  the 
stre»igth  of  brittle  materials  should  be  the  same  in  triaxial  tension  as  in 
uniaxial  tension,  which  is  contrary  to  observation.  At  the  same  time,  this 
tliebry  in  no  way  predicts  the  behavior  observed  at  high  hydrostatic  pressures. 
On  the  other  hand,  many  of  the  phenomenological  theories,  such  as  the 
octahedral -shear-stress  theory,  the  effective-stress  theory,  the  distortion- 
energy  theory,  the  rnaximum-shear— stress  theory,  and  the  maximum-strain- 
energy  theory,  are  not  valid  for  truly  brittle  materials,  since  they  propose 
criteria  wiiich  are  more  valid  for  flow  than  for  fracture.  This  becomes  ob- 
vious v/Iien  it  is  noted  that  each  of  these  theories  predicts  that  a material 
will  not  fail  in  triaxial  tension.  To  these  limitations  of  the  phenomenological 
theories  must  be  added  tlie  limitation  that  these  theories  predict  that  the 
strength  of  a body  is  that  of  its  clcmentr,  regardless  of  its  sire. 

The  mechanistic  theories  are  typified  best  by  Griffith*  s theory 
and  by  the  statistical  theories  of  strength.  According  to  Griffith's  theory, 
the  strength  of  a body  is  equal  to  the  microsccpic  stress  in  a very  small 
volume  at  the  instant  that  a critical  crack  in  this  volume  begins  to  propagate. 
The  effects  of  other  cracks  and  of  tlie  distribution  of  these  cracks  in  a body 
are  neglected  by  Griffith. 
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It  has  been  pointed  out  that  the  phenomenplojntj.d  theories  consider 
that  fracture  will  occur  wiien  any  one  element  in  a body  reacl'.es’a  c ri>.icai 
state  of  stress,  and  Griffith  makes  this  same  assumption.  In  tlu-se  theories, 
the  important  point  is  that  fracture  is  considered  to  occur  when  this  critical 
eleinent  fails,  and  tliat  the  contribution  of  other  elements  is  considered  to  be 
negligible.  In  the  case  of  the  statistical  theories  of  strength,  however,  con- 
sideration is  given  to  every  element  in  a body  and  its  contribution  or  possible 
contribution  to  fracture  is  taken  into  account. 

Let  us  compare  the  rnaximum-tensile-stress  theory,  for  example, 
with  Weibull' s statistical  theory  of  strength.  The  maximurn-tensilc-stress 
theory  states  that  fracture  will  occur  when  the  lensile  stress  on  som.e  plane 
of  an  element  reaches  a critical  value.  Weibull'  s theory,  however,  proposes 
that  there  is  a certain  probability  of  fracture  associated  with  every  unit 
volume  in  a body^  and  that  this  probability  is  a function  of  the  state  of  stress 
in  the  element.  What  is  even  more  important  is  that  the  probability  of  frac- 
ture of  a unit  volume  is  not  only  the  probability  of  fracture  associated  with  one 
plane  of  the  element,  but  the  probability  of  fracture  associated  with  all  planes 
in  the  element.  Hence,  the  probability  of  fracture  at  a point  in  a body  be- 
comes a function  of  the  individual  probabilities  of  fracture  on  every  plane 
through  that  point  on  which  the  normal  stress  is  tensile.  This  reasoning  can 
be  extended  to  give  a probability  of  fracture  for  the  entire  body,  taking  into 
consideration  the  state  of  stress  at  every  point  in  the  body.  If  the  relation 
beta/een  the  tensile  stress  in  an  element  and  the  probaUility  of  fracture  of 
tliat  element  is  assumed,  then  the  strength  ol  the  element,  as  the  most 
probable  stress  at  fracture,  can  be  predicted.  It  is  important  to  point  out 
however,  that  Weibull' s theory  assumes  that  fracture  will  lake  place  under 
the  action  of  tensile  stresses,  that  is,  in  a normal  brittle  manner.  Further- 
more, Weibull' s theory  postulates  that  the  fracture  of  a body  occurs  simul- 
taneously with  the  fracture  of  any  of  its  elements. 

Nevertheless,  Weibull' s theory  predicts  a distinct  effect  of  stress 
state  on  fracture  phenomena.  It  is  true  that  Griffith' s theory  and  the  phenom- 
enological theories  also  predict  an  effect  of  stress  st.Ue  on  frac  ture;  how- 
ever, it  appears  at  this  point  that  more  can  be  gained  from  a study  of 
Weibull' s theory. 

In  light  of  the  above,  special  considc- ration  was  given  during  this 
period  to  the  correlation  of  fracture  data  with  Weibull''s  statistical  theory  of 
strength.  Fracture  data  obtained  from  size-effect  tests  .m  plaster  in  the 
simple  stress  states  of  tension,  torsion,  and  bending  were  correlated  with 
Weibull' s theory.  In  addition,  the  results  of  tests  to  determine  the  effects 
of  biaxial  states  of  stress  on  the  fracture  of  plaster  have  been  reported. 
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Correlation  of  Ter.sio^  Toraion,  and  Bend  Data 
• on  piaster  V/ith  Weibuil' s Theory 


On«J  of  the  objectives  of  this  investigation  is  to  determine  whether 
any  of  the  existing  theories  of  strength  apply  to  ceramic  materials.  Since 
the  tests  on  plaster  indicated  a size  effect,  and  since  Weibuil' s theory  pre- 
dicts such  an  effect,  4n  attempt  was-  made  to  determine  the  t.pplicability  of 
Weibuil' s tlieory  to  airess-statc  data.  Weibuil  developed  expressions  pur- 
pof*'.rg  to  relate  strengths  in  tension,  bending,  and  torsion.  In  addition,  he 
has  developed  expressions  relating  specimen  size  and  strength  in  a-particular 
stress  state.  Hence,  these  expressions  could  be  used  tt>  predict  the  strength 
of  Hydrostone  plaster  in  each  of  these  stress  states  and  to  compare  the  the- 
oretical strengths  with  the  observed  strengths. 

The  general  principles  of  Weibuil*  s theory  were  outlined  in  detail  in 
WADC  Technical  Report  No,  52-67.  These  principles  were  used  to  develop 
expressions  for  predicting  the  effects  of  size  and  stress  state  on  the  strength 
of.  Hydrostone  plaster.  Additional  expressions  were  developed  for  predicting 
the  standard  deviations  of  the  strengths  of  plaster.  The  specific  expressions 
used  for  these  correlations  are  outlined  in  Appendix  III  of  tliis  report- 

The  general  procedure  was  to  determine  the  material  constant,  m, 
for  Hydrostone  plaster  from  the  size-effect  data  from  one  stress  state  and 
then  to  use  this  value  of  m in  the  appropriate  equations  to  predict  the  strength 
of  Hydrostone  in  the  other  stress  states.  Table  16  gives  the  size-effect  data 
and  the  value  of  the  material  constant,  m,  determined  from  each  stress 
state.  The  volumes  reported  in  Table  16  are  averages  for  the  S2:>ecimens 
tested. 

Weibuil  also  developed  expressions  relating  the  standard  deviations 
of  the  strengths  in  the  various  stress  states.  As  a part  of  the  program  to 
correlate  fracture  data,  these  expressions  were  used  to  analyze  the  plaster 
size-effect  data.  The  results  of  the  comparison  of  the  standard  deviations 
with  those  predicted  from  WeibuH's  theory  are  given  in  TaMe  17, 

The  results  in  Table  16  show  a fair  agreement  between  the  experi- 
mental and  the  predicted  strengths.  The  analysis  indicates,  however,  that 
more  size -effect  data  (particularly  on  gage -free  specimens)  may  be  re- 
quired if  definite  conclusions  are  to  be  drawn  as  to  the  applicability  of 
Weibuil' 3 theory  to  the  fracture  of  Hydrostone  plaster.  An  extension  of  the 
program  to  some  other  ceramic  material  (contemplated  for  the  follov/ing 
contract  period)  would  furnish  vcduable  insight  as  to  the  applicability  of 
Weibuil'  a theory  to  the  fracture  of  brittle  ceramics. 

The  results  in  Table  17  of  the  comparison  of  experimental  deviations 
with  deviations  predicted  by  Weibuil' s theory  eal  a poor  correlation. 

This  effect  may  have  resulted,  however,  from  the  relatively  small  number 
of  specimens  tested.  Standard  deviation,  as  a property,  appears  to  be  much 
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TABLE  16.  COMPARISON  OF  EXPERLM ENT AL  STR ENGTHS  OF 

PLASTER.  SIZE-EF'FECT  SPECIMENS  WITH  STRENGTHS 
PREDICTED  FROM  WEIBIJLL'S  THEORY 

Based  on  Large  Torsion  Strength  and  ni  - 12 


1 

Predicted 

Strength, 

Experimental 

Strength, 

Deviation, 

1 Specimen 

psi 

psi 

% 

i 

Small  tension 

1 125 

1195 

5.  9 

Large  tension 

960 

915 

4.  9 

Small  torsion 

1650 

1545 

6.  8 

Large  torsion 

-- 

1115 

— 

Small  bend 

1975 

1845 

7.  0 

Large  bend 

1320 

1270 

3.  9 

(1)  S<;c  Appendix  Jll.  Eti'jations  (50),  (5i),  and  (52). 


TABLE  17.  CO.MPARISON  OF  EXPERIMENTAL  STANDARD  DEVIA- 
TIONS OF  THE  STRENGTH  OF  PLASTER  SIZE-FFFECT  . 

SPECIMENS  V/ITH  STANDARD  DEVIATIONS  PREDICTED 
FROM  WEIBULL'S  THEORY  | 

* 

Based  on  Deviation  of  Large  Torsion  Specimen  and  m 3 12 

- - - --  - ■ ■ - . . • . - < 


Specimen('2) 

Experimental  Standard 
Deviation,  psi 

Prcdicterl  Standard 
Deviation,  psi(0 

Deviation, 

% 

Small  tension 
(25) 

175 

200 

14 

! 

Large  tension 
(i9) 

135 

170 

26 

■ 1 1 

r 

1 

Small  torsion 
(32) 

210 

295 

41 

Large  torsion 
(37) 

200 

« •• 

... 

ft 

1 

Small  bend 
(36) 

210 

355 

69 

i 

Large  bend 
U9) 

205 

235 

15 

3 

(1)  See  Appendix  III,  Equationi  (17),  (78),  and  (79), 

(2)  Number  In  jiarentliesei  indicates  number  of  specimens  tested. 
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more  sensitive  to  the  size  of  the  sample  than  is  th<;  mean.  Therefore,  a far 
larger  num’oer  of  tests  may  h<-  required  to  obtain  suitable  deviation  data 
than  to  obtain  reliable  strength  uata. 

These  correlations  of  slrongtli  and  standard-deviation  data  do  indicate 
that  Weibull'  s statistical  theory  of  strength  may  offer  a reliable  means  of 
predicting  the  statistical  strength  of  a ceramic  body-  Neither  Weibull'  s 
theory  nor  any  otlier  theory,  however,  offers  any  way  of  predicting  the 
strength  of  a single  ceramic  body.  Still,  it  r-iay  be  possible,  using  Weibull' s 
theory,  to  predict  a threshold  strength  for  a ceramic  body  belov/  v/hich  this 
body  will  not  fail  (negligible  probability  of  fracture).  However,  this  threshold 
strength  may  p;-ove,  to  be  too  small  to  be  of  practical  use  to  the  ceramic 
engineer. 


The  Effect  of  Biaxial  Stresses  on  Mechanical  Properties 

In  the  past,  tliis  research  has  been  limited  to  a study  of  the  simple 
stress  states  of  uniaxial  tension  and  compression  and  to  the  states  of  bending 
and' torsion.  It  is  obvious,  however,  that  limiting  the  investigation  to  the 
study  of  tension,  ornpression,  bending,  and  torsion  states  would  be  unreal- 
istic, as  the  str  . S3  states  commonly  encountered  in  practical  problems  are 
combinations  of  these  simpler  states.  If  a practical  solution  is  to  be  found 
to  the  problem  of  the  effect  of  stress  state  on  the  fracture  of  brittle  mate- 
rials, the  effects  of  biaxial  stresses  should  be  studied. 

A biaxial  stress  state  ' r.plies  the  consideration  of  a two-dimensional 
stiess  system.  Figure  11  illustrates  a general  two-dimensional  stress 
system  acting  on  a small  element  of  material,  and  Oy  are  nc'rmal  stresses, 
which  may  be  either  tensile  or  compressive  stresses.  ^ xy  ^ shear  stress. 
Figure  11  represents  the  general  stress  state  in  a body  suojected  to  biaxial 
stresses  corresponding  to  a random  orientation  of  the  element  in  the  body. 

In  every  case  of  biaxial  loading,  however,  there  is  one  particular  orientation 
of  the  element  for  which  the  shear  stress  is  zero.  This  condition  occurs 
w'hen  the  x and  y axes  coincide  with  the  principal  axes.  The  principal  axes 
correspond  to  the  directions  of  the  maximum  and  minimum  normal  stresses 
on  an  element.  This  orientation  Is  shown  in  Figure  12.  0 j and  0 the  prin- 
cipal stresses,  may  be  either  negative  or  positive,  but  is  always  algebra- 
ically greater  than  or  equal  to 

From  the  above  discussion,  it  can  be  seen  that  any  biaxial  stress  state 
can  be  defined  completely  in  terms  of  the  two  principal  stresses.  Further- 
more, the  type  or  character  of  the  biaxial  .state  can  be  expressed  in  terms  of 
the  ratio  03/0  j of  the  principal  stresses.  For  example,  a tension  test  would 
be  represented  by  a ratio  O i/o  1 m 0 and  a torsion  test  by  a ratio  o 2/0  j « -1. 

Tests  of  the  biaxial  state  in  which  tlie  ratio  of  the  principal  stresses 
is  constant  throughout  the  test  are  designated  as  c.onstant-stress-ratio  tests. 
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FIGURE  M.  GENERAL  BIAXIAL  STRESS  STATE 


2 


FIGURE  12  ELE^IENT  SHOWING  PRINCIPAL  STRESSES  CORRESPONDING  TO 
GENERAL  BIAXIAL  STRESS  STATE 
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Essentially,  this  means  that  the  stress  ratio  in  a hod'/  does  not  change  as  the 
body  is  loaded  to  fracture.  In  the  past,  the  method  used  most  commonly  to 
investigate  the  effect  of  biaxial  stresses  has  been  the  constant-stress- ratio 
test. 

In  this  investigation,  the  objective  is  to  determine  the  effects  of  var- 
ious biaxial  stress  states  (each  represented  by  a particular  stress  ratio)  on 
the  fracture  strength  of  a brittle  material.  If  it  were  assum'd  that  biaxial 
stresses  do  affect  the  fracture  strength  of  a material,  then  it  would  follow 
that  there  is  a unique  fracture  strength  for  each  stress  ratio.  This  concept 
of  a variation  of  fracture  strength  with  stress  ratio  is  exemplified  by  ihe 
hypothetical  curve  shown  in  Figure  13. 

In  Figure  13,  the  a.xes  are  designated  as  and  where  0£ 

has  been  chosen  as  the  fracture  strength  in  simple  tension  (for  this  hypo- 
thetical material).  Points  C and  D repres.nt  the  fracture  strength  in  simple 
tension.  At  Point  C,  for  example,  0 2 is  aero  and  OjaO^^aj/CfMl.O;  at 
Point  D,  a similar  condition  exists.  A constant-stress-ratio  test  can  be 
represented  by  a straight  line  extending  outward  from  the  origin,  O.  A bi- 
axial test  for  which  *•  l/3  is  represented  by  the  line  OB.  Every  point 

on  this  line  represents  a stress  condition  at  some  time  during  the  test.  As 
O2  and  Oj  are  increased,  the  point  representing  the  stress  state  moves  out- 
ward along  OB.  When  and  Oj  reach,  the  magnitude  represented  by  Point  B,  . 
the  specimen  fractures.  Thus,  it  car  be  seen  that  the  curve  shown  in  Figure 

13  represents  the  fracture  strength  for  all  possible  biaxial  states  of  stress. 

As  a part  of  the  program  for  studying  the  effect  of  stress  state  on 
the  fracture  of  ceramic  materials, Weibull' s theory  was  analyzed  and  ex- 
pressions developed  for  predicting  the  fracture  of  Hydrostone  plaster  under 
combined  stresses.  The  results  of  this  analysis  of  Weibull' s theory  are 
presented  in  Figure  14  in  thie  form  of  a curve  of  the  type  shown  in  Figure  13. 

It  can  be  seen  from  Figure  14  that  Weibull' s theory  predicts  a steady  in- 
crease in  fracture  strength  (value  of  cr | at  fracture)  with  negatively  increas- 
ing values  of  O2.  Figure  14  also  shows  that,  in  the  region  of  biaxial  tension 
(a-2  and  Oj  both  tensile),  the  fracture  strength  is  lower  tl.an  the  strength  in 
uniaxial  tension.  It  should  also  be  noted  from  Figure  14  that  Weibull*  s 
theory  is  quite  similar  to  the  maximum-tens Te-stress  theory,  which  predicts 
fracture  when  the  maximum  tensile  stress  in  a body  reaches  the  stress  at 
fracture  in  tension.  However,  Figure  14  indicates  that  caution  may  be  neces- 
sary in  tlie  use  of  the  maximum-tensile-stress  theory  when  both  principal 
stresses  are  tensile  stresses.  It  is  important  to  note  that  the  curve  in  Figure 

14  is  for  a unit  volume  of  uniformly  stressed  Hydrostone  plaster  (m  m 12). 

The  methods  used  in  the  determination  of  Weibull'  a theory  fox  biaxial 
stresses  on  Hydrostone  are  described  in  detail  in  Appendix  III. 
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Corr bined-Stress  Tests  on  Plaster 

A program  was  set  up  during  this  period  to  study  the  effect  of  combi.ied 
(biaxial)  stresses  on  Hydrostone  plaster.  To  accomplish  this,  a specimen 
was  designed  with  which  various  biaxial  stress  states  might  be  obtained. 

This  specimen  was  a hollov/  cylinder  which  could  be  subjected  to  axial  load- 
ing and  internal  pressure.  This  specimen  and  the  system  for  loading  are 
described  in  detail  in  a later  section  of  this  report  (see  "Deveiopmer,  t of 
Test  Equipment").  This  specimen  (see  Figure  15)  was  designed  such  that 
fracture  data  obtained  could  be  analyzed  using  the  theory  of  thick-walled 
cylinders.  The  wall  of  the  specimen  was  of  such  thickness  (when  compared 
with  its  internal  diameter)  that  the  variation  of  stresses  from  the  inner  sur- 
face to  the  outer  surface  had  to  be  considered. 

In  the  initial  tests  conducted  during  this  period,  the  specimen  was 
subjected  to  internal  pressure  loading  or  to  tension  loading. 

The  procedures  used  in  casting  and  curing  these  specimens 
same  as  those  used  in  casting  and  curing  the  size -effect  specimens 
The  plaster  used  for  these  specimens  was  the  same  as  that  used  in 
effect  spccirhens. 

The  methods  used  in  testing  these  specimens  are  described  in  detail 
in  a later  portion  of  this  report. 


were  the 
of  plaster, 
the  size- 


Results 

Data  from  the  internal-pressure  tests  were  analyzed  using  the  clastic 
theory  of  thick-walled  cylinders.  This  theory  indicates  that  the  stresses 

at  the  inside  surface  are  higher  than  those  at  the  outside  surface.  According 
to  ttiis  theory,  the  transverse  stress  O j,  ip  the  specimen  is  of  the  form; 


where 

rj  a radius  of  the  inside  surface, 

Tq  “ radius  of  the  outside  surface, 
p = internal  pressure, 

r = radius  at  which  the  stress  is  being  determined. 


From  Equation  (3),  it  can  be  seen  that  the  transverse  stress  at  the  inside 
surface,  o is  (when  r = rj): 
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o i 


Oli  -•  -2  I 

r ~ r. 
o 1 


Then  Equation  (‘.1)  can  be  rewritten  ar: 


li 


Dp 

2 2 
Do  -Di 


(5) 


where  is  the  outside  diameter  and  D-  is  the  insiae  diameter.  Similarly, 
the  transverse  st'ess  at  the  outside  surface,  O is: 


Olo 


P • 


The  internal  pressure  distributed  over  the  ends  of  the  inside  of  the 
:n  is  assumed  to  produce  a uniform  axial  stress,  0 of  the  form: 


D. 


'T 


(7) 


Do  - Di 


furthermore,  it  should  be  noted  that  0^  and  O j are  principal  stresses.  Since 
the  elastic  theory  tf  thick-walled  cylinders  assumes  that  Hooke’s  law  holds 
for  the  test  material,  tlie  principal  strains,  £ j and  he  determined 

from  Equations  (8)  and  (9)t 


(8) 


where  j 


E = modulus  of  elasticity,  psi, 
V = Poisson' s ratio. 


microinche 
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Then  the  principal  strains  on  the  outside  surface  of  the  specimen  become: 


r(‘’. 


To  determine  the  applicability  of  the  theory  of  thick-walled  cylinders 
to  these  tests  on  the  biaxial  specimen,  the  theoretical  strains,  f 1q 
were  compared  with  the  observed  values,  and  The  principal  strains, 

Cjq  and  instances  were  corrected  for  the  effects  of  transverse 

sensitivity  [see  Equations  (20)  and  (21)  of  Appendix  I]  by  comparing  the  slopes, 
^io/  of  fhe  theoretical  curves  of  02o  versus  £ lo  with  the  slopes, 

of  the  experimental  curves  of  versus  Similarly,  the 

slopes,  0 2o/^  2o>  of  the  theoretical  curves  of  O20  versus  ^£0  were  compared 
with  the  slopes,  AOj^AC^q,  of  the  experimental  curves  of  versus  ^'2.0’ 

The  elastic  constants,  E and  V , determined  for  each  specimen  under  tension 
loading  were  used  to  determine  £ 2o  ^ 2o  Equations  (10)  and  (11). 

These  experimental  and  theoretical  curves  are  shown  in  Figure  16  for  a 
typical  biaxial  stress  speciment 


The  theoretical  and  observed  clastic  data  obtained  from  the  biaxial 
stress  specimens  tested  under  internal  pressure  a’-e  given  in  Table  18. 
These  data  indicate  a variation  of  approximately  5 2’«-*r  cent  between  the 
experimental  and  theoretical  results.  The  reasonable  agreement  of  these 
data  with  the  predictions  of  the  elastic  theory  of  thick-walled  cylinders  was 
considered  an  indication  that  fracture  data  from  this  biaxial  specimen  could 
be  analyzed  from  the  point  of  view  of  thick-walled  theory.  It  is  significant, 
in  these  tests,  that  the  experimental  strains  were  consistently  greater  than 
the  theoretical  strains.  The  reason  for  this  variation  was  not  determined. 

The  principal  stresses  and  the  theoretical  and  experimental  principal 
strains  at  the  instant  of  fracture  in  these  tests  are  given  in  Table  17.  The 
principal  stresses  at  fracture  were  calculated  from  Equations  (5),  (6),  and 
(7).  The  theoretical  principal  strains,  € and  £ were  calculated  from 
Equations  (10)  and  (11).  The  tangential  stress,  ^21  > inside  surface 

was  the  largest  principal  siress  in  the  specimen  and  was  taken  as  a nominal 
value  of  the  strength  of  the  sped’  icn. 


I 


The  data  in  Table  19  indicate  fair  agreement  between  theoretical  and 
experimental  fracture  strains,  considering  ti;e  limited  an:ount  of  data  avail- 
able. 

The  elastic  and  fracture  data  obtained  fron»  those  biaxial  specimens 
fractured  in  axial  tension  are  given  in  Table  20,  The  strength  obtained  from 
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TABLE  20.  elastic  AND  FRACTURE  DATA  FROM  BIAXIAL  SPECIMENS 
SUBJECTED  TO  AXIAL  TENSION 
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tht.se  tests  in  teneion,  730  psi,  was  considerably  below  the  strength  obtained 
I from  the  tests  under  internal  pressorc,  1085  psi,  which  was  contrary  to  ex- 

pectation. Welbull's  theory  predicts  the  opposite;  that  is,  the  strength  in 
tension  should  be  higher  than  the  strength  under  internal  pressure.  Hov/eyer, 
it  should  be  rcmcmbere<l  that,  untb-r  itilernal  pressure,  the  biaxial  specimen 
must  be  treated  as  a thick-walled  cylinder  and,  hence,  the  strength  should 
not  be  compared  directly  with  the  strength  in  uniaxial  tension.  V/hen,  for 
comparison,  the  biaxial  specimen  was  considered  to  behave  as  a thin-walled 
cylinder,  then  a strength  under  internal  pressure  of  1005  psi  was  obtained. 
This  indicated  that,  as  a thin-walled  cylinder,  the  biaxial  specimen  was 
stronger  under  pressure  than  in  uniaxial  tension.  It  was  felt  that  these 
initial  data  were  insufficient  and  t.oo  erratic  to  warrant  any  firm  conclusions 
concerning  the  effect  of  biaxial  stresses  on  the  fracture  of  plaster. 

The  nature  of  the  fracture  in  these  specimens,  subjected  to  internal 
pressure,  was  typically  brittle.  Fracture  appears  to  have  initiated  at  the 
inside  surface  of  the  specimen  and  on  a plane  perpendicular  to  the  transverse 
st'-ess,  The  region  in  which  fracture  initiated  usually  was  typified  by  a 

vertical  crack  in  the  gage  section.  Figure  17  shows  a biaxial  specimen  which 
was  fractured  under  internal  pressure.  Fracture  initiated  in  the  central 
section  of  the  specimen. 

The  Effect  of  Superposed  Rending  Stresses  on  Tc nsion-Teat  Data 


If  bending  str>  sses  are  known  to  be  present  in  a tension  test,  the  ques- 
tion of  their  effect  arises.  Present  knowledge  of  brittle  materials  would  lead 
us  to  believe  that  the  strength  of  a specimen  is  affected  by  the  type  of  stresses 
present.  For  example,  the  strength  data  obtained  in  this  investigation  on 
titanium  carbide  and  plaster  indicate  that  the  strengths  of  these  materials 
art  not  equal  in  bending,  torsion,  and  tension.  It  does  not  seem  logical  to 
assume,  then,  that  superposed  bending  stresses  will  have  no  effect  on  tension 
data. 


In  view  of  the  encouraging  correlations  of  size-effect  strength  data 
with  Weibull' s stati.itical  theory  of  strength,  theoretical  relations  were  de- 
rived from  V/eibull' s tlieory  during  this  period  for  predicting  the  effect  of 
superposed  bending  stresses  on  tensile  fracture.  The  development  of  these 
relations  is  outlined  in  Appendix  III.  Essentially,  an  expression  for  the 
ultimate  strength  of  a tension  specimen  subjected  to  superposed  bending  was 
derived  in  terms  of  the  eccentricity  of  the  load  and  an  expression  for  the 
strength  of  a similar  specimen  with  uniform  tensile  loading.  It  is  important 
to  note  that  these  were  developed  for  the  bending  of  a rectangula'.'  tension 
specimen  about  an  axis  parallel  to  one  of  its  edges.  It  is  not  always  true 
that  bending  will  take  place  about  this  axis  only.  However,  the  expressions 
developed  here  are  meant  to  provide  only  a qualitiitive  indication  of  the  ef- 
fect of  superposed  bending  stresses  on  the  strength  of  a tension  specimen. 
The  specific  expression  developed  is  given  on  page  68: 
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FIGURE  17,  PLASTER  BIAXIAL  SPKCiMEN  FRACTURED 
UNDER  INI  ERNAL  PRESSURE 
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where 


°bd  f 3e\ 


Vd 


1 

m 


(12) 


C.  . = strength  cf  a (rectangular)  specimen  subjected  to 


bd 


combined  bending  and  tension,  psi, 


o jj/  = strength  of  a specimen  subjected  to  pure  tension 
(e  = o),  psi. 


e = eccentricity  of  the  load,  inches. 


h = half  the  width  of  the  specimen  (see  Figure  33), 

^bd  ~ volume  of  the  gage  section  of  the  specimen  loaded 
in  combined  bending  and  tension,  cul  a inches, 

Vd'  = volume  cf  the  gage  section  of  the  specimen  loaded 
in  pure  tension,  cubic  inches. 


m = material  constant  (an  integer). 


r = 


m 

T 


3e\ 


S = V m»  VH7 

Z/  (*^  " (^^  ^)* 


r = o 


(13) 


It  can  be  shown  frosr  Equation  (12)  that  the  observed  strength  of  a 
specimen  as  defined  by  Vfeiliill  should  increase  with  incr<_asing  eccentricity 
of  the  load. 


Effect  of  Eccentricity  on  Plaster  Tension  Data 

It  has  I en  noted  previously  in  this  report  that  some  eccentricity  was 
observed  in  the  tests  on  the  size-effect  tension  specimens  of  plaster.  It  was 
noted  also,  from  strain  n.ej; surements  taken  at  the  instant  of  fracture,  that 
the  eccentricity  tended  to  vary  from  specimen  to  specimen.  All  fracture 
data  previously  reported  for  the  size-effect  tension  specimens  were  obtained 
by  dividing  the  axial  load  at  fracture  by  the  cross-scctional  area  of  the 
specimen.  Hence,  these  strength  data  do  not  take  into  consideration  the 
presence  of  any  bending  stresses.  If  bending  stresses  arc  present  in  a ten- 
sion specimen  at  fracture,  the  normal  stress  obtained  as  the  ratio  of  the 
maximum  load  to  the  cross-scctional  area  is  not  the  maximum  stress  in  the 
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specimen  at  fracture,  the  bending  s'ress  must  be  added  to  this  normal 


stress. 


An  attempt  v/as  m.ade  during  this  period  to  predict  the  effect  of  ec- 
centricity in  tension  on  the  strength  of  the  No.  1-size  tension  speci- 

men of  Hydrostone  plaster.  For  Hydrostone  (m  = 12,  approximately),  where 
Vbd  = Equation  (12)  becomes: 


where 


/ 3e  \ 

^JLLXJ 


(12  - 2r)l  (2r  + 1)1 


Figure  18  presents  a theoretical  curve  derived  from  Equation  (14) 
depicting  the  effect  of  eccentricity  on  the  strength  of  the  No.  l-size-effect 
tension  specimen.  V/eibull' s theory  predicts  that  the  strength  of  an  eccentri- 
cally loaded  tension  specimen  should  increase  with  increasing  eccentricity 
of  the  load.  The  curve  in  Figure  18  was  based  on  a value  of  = 1245  psi. 

In  order  to  compare  the  predicted  effect  of  eccentricity  with  data 
available  on  the  No.  1 tension  specimen,  the  eccentric  -strength  0'^^,  and  the 
eccentricity,  e,  were  determined  for  a number  of  these  specimens.  The 
stress,  was  calculated  .as  the  nominal  tensile  stress  (load  -f  area)  plus 

the  bending  stress  (bending  strain  x modulus  of  elasticity).  The  eccentricity, 
e,  of  the  load  was  calcilatcd  by  means  of  the  relation: 

EAWf  u 
e * 6P~~ 


where 


E = modulus  of  elasticity,  10®  psi, 
A a area  of  cross  section,  sq  in.. 


W B width  of  cross  section,  in.. 


f 


Fracture  Strength,  x 100  psi 


1 Si 


I 

I 
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= bending  strain  at  fracture,  microinchcs  per  inch, 

P = axial  load  at  fracture,  pounds. 

The  data  for  these  specimens  have  been  plotted  in  Figure  18.  These  data  re- 
veal only  a qualitative  verification  of  the  predicted  variation  of  strength  with 
eccentricity.  Since  the  distribution  of  strengths  will  change  with  eccentricity, 
an  entire  series  of  tests  at  each  eccentricity  would  be  necessary  in  order  to 
verify  this  effect  quantitatively.  However,  this  effect  does  sctve  as  another 
indication  that  the  stress  state  in  the  body  of  a brittle  material  affects  its 
strength. 


feet  of  Friction  on  Compression  Strength 


The  usual  compression  test  is  intended  to  obtain  the  strength  of  a 
material  in  a uniaxial-compressivc-strcss  state.  Of  course,  the  word  "uni- 
axial" implies  that  there  is  only  one  stress  acting  upon  the  body  and  that,  in 
this  case,  this  streas  Is  compressive  and  has  constant  magnitude  and  constant 
direction  throughout  the  body. 

The  specimen  usually  chosen  for  the  purpose  of  simulating  this  stress 
state  if  a right  prism  or  a right  circular  cylinder;  however,  a critical  dif- 
ficulty arises  in  the  loading  of  these  specimens.  As  the  stress  must  be  uni- 
formly compressive  throughout,  an  attempt  io  made  to  distribute  the  load 
uniformly  over  the  base  surfaces  by  applying  the  load  through  flush-fitting 
plates.  Owing  to  the  tendency  of  the  specimen  to  expand  laterally  under  the 
longitudinal  compressive  load,  frictional  forces  set  up  between  the  specimen 
and  the  end  plates  destroy  the  uniformity  of  the  stresses  in  the  region  of  the 
end  of  the  specimen.  Hence,  the  fracture  strengths  obtained  from  such 
stressed  specimens  must  be  treated  with  reservation. 

Analysis  shows  that  quite  a complex  stress  system  exists  in  the  ends 
of  such  a specimen  and  that  the  resulting  stresaes  tend  to  strengthen  a cone- 
shaped  region,  the  base  of  which  is  the  base  of  the  specimen.  As  a conse- 
quence of  the  frictional  forces  on  the  ends  of  prismatic  specimens,  a 
singularity  in  the  stress  field  develops  along  the  edges  of  the  specimen?  (see 
Figure  19).  This  singularity  arises  because  the  shear  stress,  ^ 


along  the  prismatic  element  must  be  zero,  while  the  shear  stress,  T 


xz» 


at  A 


may  have  a large  finite  value;  hence,  the  fundamental  criterion  that  the  shear 
stresses  and  T be  equal  at  all  points  in  the  body  is  not  satisfied  at  the 
corner,  A.  The  result  is  the  conical  region  of  severe  destruction  showu  in 
Figure  19.  The  elements  of  this  region  make  a characteristic  angle  a w'ith 
the  base  of  the  specimen. 

Figure  20  shows  a fractured  compression  specimen  of  Hydrostone. 

The  conical  region  at  th'*  end  of  the  specimen  and  the  heterogeneous  nature 
of  the  fracture  in  this  region  are  revealed  strikingly.  The  angle  o.  has  been 


/ 
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•Region  of  severe  destruction 


FIGURE  19.  SINGULARITY  IN  STRESS  SYSTEM  AT  EDGE  OF  PRiSMATiC 
COMPf?E5S!ON  SPECIMEN 
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FIGURE  20.  COMPRESSION  SPECIMEN  OF  HYDROSTONE 
PLASTER  SHOWING  CONICAL  REGION 
OF  SEVE’^E  DESTRUCTION 
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found  to  dcpi  id  upon  the  in.iterial,  the  presence  or  lack  of  antifriction  mate- 
riais,  and  the  ratio  of  the  length  to  the  diameter  of  the  spccinieni^*^^. 

Seibel^'^^^  proposed  the  use  of  conically  shaped  compression  plates  in 
an  effort  to  obtain  a more  uniform  stress  distribution  in  the  body  of  a cylindri- 
cal specimen.  He  proposed  that,  the  generatrices  of  the  cones  be  machined 
with  an  angle  equal  to  the  angle  oi  friction.  The  problem,  of  course,  is  to 
determine  tliis  angle.  Some  question  of  ihc  constaiicy  of  this  angle  of  friction 
during  the  test  also  arises. 

It  is  of  significance  that,  at  the  present  time,  39  years  after  Siebel' s 
work,  there  is  still  no  known  test  from  which  the  fracture  strength  of  a uni- 
formly stressed,  compression  specimen  can  be  obtained.  With  the  methods 
and  techniques  presently  available,  it  is  im.possible  to  determine  the  true 
fracture  strength  of  a prismatic  specirnen,  yet  no  other  satisfactory  specimen 
design  has  been  advanced. 

Nadai(^'^/  has  reported  the  results  of  experiments  by  Lambert  and 
Manjoine  on  the  compression  strengths  of  various  hollow  cylinders  of  porce- 
lain, as  shown  in  Figure  21.  These  specimens  of  porcelain  exhibited  dif- 
ferent fracture  strengths,  and  the  variation  in  strength  from  one  specimen  to 
another  was  apparently  a function  of  the  shape  of  the  specimen  and  of  the  end 
conditions.  Some  of  the  results  reported  by  Nadai  appear  in  Table  21,  It 
can  be  seen  from  these  results  that  the  shape  of  a compression  specimen 
greatly  influences  the  compression  strength  of  a particular  brittle  material. 

As  a consequence  of  various  factors,  the  experimenter  may  find  that  a mate- 
rial does  not  exhibit  a consistent  compression  strength,  and  he  probably  will 
continue  to  observe  this  until  a technique  is  devised  which  will  eliminate  the 
effect  of  end  friction  and  permit  uniform  compressive  stressing  of  a body. 


Bend  Tests  on  Porcelain 


As  a part  of  the  effort  to  determine  the  effect  of  stress  state  on 
fracture  phenomena,  a aeries  of  bend  tests  were  initiated  ou  specimens  of 
high-alumina  porcelain  supplied  by  Champion  Spark  Plug  Company.  The  ob-? 
jective  of  these  tests  was  to  determine  tl:e  elastic  anu  fracture  properties  of 
this  porcelain.  The  specimens  were  of  the  design  shown  in  Figure  9 of  AF 
Technical  Report  6512,  dated  April,  1951.  Tests  were  conducted  using  the 
pro.  edures  outlined  in  the  above  report  for  the  testing  of  these  specimens. 

Elastic  data  were  obtained  from  both  top  and  bottom  surfaces,  along 
with  the  fracture  strength. 

In  these  tests,  SR-4  strain  gages  mounted  on  the  top  and  bottom  sur- 
faces of  the  gage  sectiar.  v;ere  used  to  determine  the  longitudinal  and  trans- 
verse strains  in  tension  and  compression.  These  strain  data  were  corrected 
using  Equations  (20)  and  (21)  of  Appen  ax  I.  Bending  stresses  were 
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figure  21.  PORCELAIN  COMPRESSION  SPECIMENS 


■ ™ compression  of 

hollo  Vi  porcei^in  cy  binders 


Shape 

Cemented  ends 
Reinforced  shoulders 
Straight  hollow  cylinder 
Cylinder  with  curved 
outside  surface 
Cylinder  with  curved 
outside  surface 
Straight  aolid  cylinder 
(d»P/^  in,  , h-3  in.)  with 
plane  ground  ends 


Figure 

21 


64,600 
50,200 
56, 300 
12I,000(®) 
66,  000(*^) 
130,  oooC«) 
117,000(b) 
73, 000 


(a)  Highest  Such. 

(b)  Average  strejj. 
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calculated  from  the  usual  equation  for  maximum  bending  stress,  0^; 

Me 

b =-  nr  ’ (17)  . 

where  M = applied  bending  rrtoment, 

1 = moment  of  inerti.'i  of  cross  section, 

c = half  of  the  deptli  of  cross  section- 

The  value  of  Poisson'  s ratio  in  tension,  i' was  obtained  from  the 
slope,  Ej,  of  the  plot  of  I'jj  versus  the  longitudinal  strain  in  tension, 
and  from  the  slope,  Q^,  of  the  plot  of  versus  the  transverse  strain  in 
tension,  ^^t 

Et 

Vt  =-^  . (18) 


The  value  of  Poisson*  s ratio  in  compression,  was  obtained  from  the 

slope,  Ej.,  of  the  plot  of  0|.  versus  the  longitudinal  strain  in  compression, 

and  from  the  slope,  Q^.,  of  the  plot  of  versus  the  transverse  strain  in 
compression,  ^ 


The  data  obtained  from  these  initial  tests  on  porcelain  are  given  in 
Table  ZZ.  The  strengths  of  these  specimens  are  reported  in  Table  ZZ  as  the 
bending  stress,  0|^,  at  fracture.  These  dcita,  like  data  obtained  earlier  on 
similar  specimens  of  Hydrostone  plaster  (see  AF  Technical  Report  5Z-67, 
pp  55-58),  indicate  a difference  between  the  moduli  obtained  from  the  top  and 
the  bottom  surfaces.  This  effect  is,  of  course,  contrary  to  expectation. 

There  is  some  question  at  the  present  as  to  the  source  of  this  discrepancy; 
however,  the  work  conducted  during  the  past  year  lus  led  to  the  propositiqn 
that  frictional  forces  arising  at  the  load  and  support  points  cause  this  in- 
equality. The  values  of  Poisson’ s ratio  obtained  were  subject  to  the  same 
variance  as  the  moduli,  and  this  variation  was  assumed  to  arise  from  tlie 
same  source. 

When  the  data  in  Table  ZZ  were  combined  with  data  obtained  previously, 
and  reported  in  AP  Fechnical  Report  SZ-bl,  the  average  properties  were 
obtained  as  given  on  page  30. 


TABLE  22.  BEND-TE3T  DATA  FROM  SPECIMENS  OF  CHA.MPION'S  HIGH-ALUMINA  PORCELAIN 
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jMean 

Modulus  of  elasticity  41.6  *1.1 

(tension),  10^  psi 

Modulus  of  elasticity  42-5  ±1.5 

(ronnpre  s s ion),  10°psi 

Strength,  psi  33,  600  ± 800 


.Standard  Deviation 


Z.  Z 
Z.  7 
Z500 


IKese  data  will  be  combined  with  size-effect  and  strc ss -state  data  to 
be  obtained  on  porcelain  in  future  phases  of  this  investigation. 


11"- E EFFECT  OF  STRAIN  RATE  ON  THE  MECHANICAL 
■ PROPERTIES  OF  BRITTLE  MA'IERIALS  ~ 


The  rate  at  which  a body  is  strained  appears  to  have  a distinct  effect 
on  itsi  fracture  strength.  The  effect  of  the  rate  of  straining  on  the  mechaniv.al 
properties  of  metals,  for  example,  has  been  the  subject  of  many  investigations. 
Generally,  in  the  case  of  metals,  the  effect  of  increased  strain  rates  is  to  in- 
crease the  yield  and  ultimate  .strengths.  On  the  other  hand,  relatively  little 
is  known  about  the  effect  of  the  rate  of  straining  on  the  fracture  of  brittle 
materi&ls. 

In  the  case  of  brittle  materials,  the  terms  "rate  of  straining"  and  "rate 
of  stressing"  frequently  are  used  synonomousl y,  since  these  materials  may 
behave  elastically  to  fracture.  In  general,  an  increase  in  the  rate  of  strain- 
ing or  stressing  a brittle  matt  rial  has  been  found  to  increase  its  fracture 
strength.  For  example,  Nadait^^)  has  reported  the  results  of  a series  of 
tests  on  the  effect  of  strain  rate  on  the  fracture  stress  of  porcelain  tension 
specimens.  The  results  of  these  tests  are  given  in  Figure  ZZ,  where  the 
fracture  stresses  of  the  porcelain  specimens  are  plotted  against  the  strain 
rate  (on  a logarithmic  scale).  These  results  re/eal  that  the  stress  to  cause 
fractcire  in  this  porcelain  appeared  to  increase  with  increasing  rates  of  strain- 
"ing.  In  regard  to  these  tests,  Madai  states:  "From  these  tests  it  must  be 

concluded  that  a brittle  material  under  ordinary  conditions  when  tested  in  air 
does  not  possess  a definite  tensile  strength  but  that  the  latter  continuou.sly 
decreases  with  the  time  during  which  a load  can  act".  Watstein  ^^^^conduc ted 
compression  tests  on  concrete  cylinders  at  rates  of  straining  ranging  from 
10”^  to  10  inches/inch/second.  The  compressive  strength  of  the  concrete 
was  observed  to  increase  about  80  per  cent  as  the  strain  rate  was  increased 
from  0.  003  to  10  inches/inch/sccond.  Watslein  also  indicated  that  the  entire 
stress-strain  curve  for  concrete  was  affected  by  the  rate  of  stressing. 

Other  researchers^^^  have  noted  that  the  duration  of  the  applied 

stress  appears  to  affect  the  fracture  of  brittle  materials.  This  effect  has 
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been  observed  particularly  in  tlie  cases  of  ^'l.ass'  and  porcelain.  Hov;ever,  in 
these  tests  the  applied  stress  was  constant  and  not  varying  with  time;  in  short, 
these  materials  appeared  to  fatigu«-  with  time.  It  is  important  to  point  out 
that  it  may  be  impossible  to  separatt-  the  latt<-r  effect  of  stress  duration  (time) 
from  the  fo  mer  effect  of  rate  of  stressing  or  straining.  It  cannot  be  said 
that  these  two  effects  are  one  and  the  same  phenomenon,  but  it  must  be  pointed 
out  that  the  two  effects  appear  to  be  interrelated.  In  fact,  it  might  be  that  the 
duration  of  stress  is  the  only  factor  that  affects  fracture  strength,  and  that 
the  effect  illustrated  in  Figure  d.'  for  porcelain  actually  represents  the  effect 
of  durat  on  of  stress  on  strength.  That  the  existing  knowledge  on  the  effect 
of  strain  rate  on  the  properties  of  brittle  materials  is  meager  is  true;  never- 
theless, it  can  be  staled  th-at  the  rate  at  which  a brittle  material  is  strained 
significantly  affects  its  fracture  characteristics. 


Strain-Rate  Tests  on  Plaster 


A program  was  set  up  during  this  period  to  study  the  effect  of  the  rate 
of  stressing  or  straining  on  the  fracture  strength  of  Hydrostone  plaster.  The 
initial  phases  of  this  program  v.'ere  qualitative  in  nature  in  that  their  only 
purpose  was  to  determine  the  existence  of  such  an  effect.  As  a result,  it  was 
decided  to  test  the  No.  1 tension  specimen,  the  No.  5 bend  specimen,  and  the 
No.  5 torsion  specimen  at  various  strain  rales  and  to  note  tlie  effect,  if  any,, 
on  their  fracture  strengths.  The  lesults  of  these  initial  tests  are  reported 
below. 


Tension  Tests 

The  No.  l-size  alternate  tension  specimen  was  selected  to  study  the 
effect  of  strain  rate  on  the  strength  of  plaster  in  tension.  The  casting  and 
curing  procedures  for  these  specimens  were  the  same  as  tho'^e  for  the  size- 
effect  specimens.  Strain  gages  were  used  on  almost  all  of  these  specimens. 

The  same  procedure  was  used  in  aligning  ..hese  specimens  as  was  used 
in  the  size -effect  tests  on  the  No.  1 tension  specimen.  The  strain  rates  were 
measured  by  means  of  strain  gages.  After  the  gages  liad  been  prestrained, 
an  initiai  load  was  applied  to  tlie  specimen.  Then  the  Rcildwin  strain  indicators 
wcj'c  balanced  and  the  strains  recorded.  \/ithout  changing  the  setting  on  one 
indicator,  the  setting  on  the  other  was  increased  100  microinclies  per  inch. 

The  loading  rate  of  the  testing  machine  was  adjusted  then  to  give  the  desired 
strain  rate  (lapsed  time  for  100  microinclies  per  jneh).  The  specimen  was 
then  strained  to  fracture  using  this  loading  r.atc. 

The  data  from  these  tests  were  calculated  in  the  same  manner  as  the 
data  from  the  size-effect  tension  tests. 
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Table  2 3 and  Table  24  give  the  res'alts  of  the  few  initial  tests  conducted 
on  the  No.  1 tension  specimen.  It  is  important  to  note  that  these  data  were 
obtaine-d  froir.  specimens  with  gages  cemented  to  their  surfaces.  It  was  noted 
in  the  size-effect  tests  that  gages  appeared  to  strengthen  a specimen,  so  ad- 
ditional tests  must  be  conducted  on  gage-free  specimens  before  any  valid 
quantitative  results  can  be  obtained.  However,  a comparison  of  the  results  in 
Taoies  23  and  24  with  the  size-effect  data  in  Table  3 leads  to  the  following: 


Strain  Rate,  in./in»/min 

Fracture  S'tcss,  psi 

Number  of  Specimens 

0. 00074 

1350 

12 

0. 0027 

1280* 

0.  0060 

1235 

12 

* From  specimerii  wltli  gagci. 

The  above  comparison  raises  an  important  question:  "Can  the  effects 

of  strain  rate  be  different  for  different  brittle  materials,  or  are  these  data 
misleadivig?  " The  work  reported  by  Nadai  on  porcelain  was  conducted  over 
a much  wider  range  of  strain  rates.  It  may  be  possible  then  that  the  rates 
used  here  were  sufficiently  narrow  to  permit  normal  statistical  scatter  in 
test  data  to  overshadow  the  true  effect  of  strain  rate.  Additional  data  should 
be  obtained  if  this  question  is  to  be  resolved. 


Bend  Teats 

The  No.  5-size  alternate  bend  specimen  v/as  chosen  for  the  study  of 
the  effect  of  strain  rate  on  the  strength  of  plaster  in  bending.  The  procedures 
u.sed  in  casting  and  curing  the  bend  specimens  for  the  strain-rate  tests  were 
the  same  as  those  used  for  the  size-effect  specimens.  As  in  the  case  of  the 
strain-rate  tests  in  tension,  strain  g.ages  were  used  to  measure  the  strain 
rates,  U.sually,  only  one  strain  gage  wa-  cemented  to  a bend  specimen; 
this  gage  was  placed  on  the  tension  surface. 

The  same  procedure  w.as  used  in  aligning,  prestraining,  and  loading 
these  specimens  as  was  used  in  the  size-effect  bend  tests.  The  proper  load- 
ing rate  was  determined  by  adjusting  the  head  rate  of  the  machine  to  obtain 
the  desired  strain  rate  from  the  strain  gage. 

Table  2'  gives  the  results  of  these  initial  strain-rate  tests  on  Hydro- 
stone plaster  bend  specimens.  A comparison  of  these  data  with  the  data  ob- 
tained from  the  size-effect  tests  on  the  No.  5 bend  specimens  leads  to  the 
following: 
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Strain  Rate,  in. /in. /min 

fiend  .Strength,  psi 

Number  of  Specimens 

0. 00075 

1260 

14 

0. 0027 

1250 

'12 

Thesf  data  indicate  that,  in  bending,  the  fracture  strength  of  plaster 
may  be  practically  unaffected  by  strain  rate  within  ttie  range  investigated.  It 
is  interesting  that  these  data  indicated  a very  slight  decrease  in  strength  with 
increased  strain  rate;  however,  more  data  at  these  rates  and  at  other  rates 
are  necessary  before  any  definite  statements  can  be  made  as  to  the  effect  of 
strain  rate  on  the  bending  strength  of  plaster. 


Torsion  Tests 

The  No.  5 size  torsion  specimen  was  chosen  for  the  strain-rate  pro- 
gram because  it  was  lari^e  enough  to  permit  the  use  of  strain  gages  for 
measuring  strain  rate.  The  procedures  for  cashing,  curing,  and  testing 
these  specimens  were  the  same  as  those  for  the  size-effect  tests  on  ine  No,  S 
torsion  specimen.  In  these  strain-rate  tests,  however,  it  was  possible  to 
maintain  a constant  strain  rate  frorn  specimen  to  specimen.  Hence,  only  one 
specimen  was  needed  to  determine  the  twist  rate  required  to  give  the  desired 
principal  strain  rate. 

Table  26  gives  the  result.s  of  the  initial  strain-rate  tests  on  the  No.  5 
torsion  specimen,  conducted  at  a strain  rate  of  approximately  0.  0024  inch/ 
inch/minute.  If  these  data  are  compared  with  the  strengths  of  those  specimens 
tested  at  a strain  rate  of  0.0027  i ich/inch/minute,  the  following  data  result: 

Strain  Rate,  in./in. /min  Torsion  Streng^h,  psi  Number  of  Specimens 


0. 0024 

1135 

12 

0. 0027 

1115 

37 

These  data  appear  to  indicate  that  strain  rate  had  no  significant  effect  on 
fracture  stress  for  the  range  of  rates  investigated.  However,  this  range  was 
relatively  quite  narrow  and,  if  an  effect  of  strain  rate  were  present,  it  could 
be  discerned  more  easily  by  testing  at  more  widely  separated  strain  rates. 
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TABLE  23. 

STRAIN-RATE  DATA  FROM  SMALL, 
PLASTER  TENSION  SPECIMENS 

NO.  1-SIZE 

Specimen 

Strain-Rate, 

Tension  Strength, 

No. 

in. /in, /min 

psi 

HlOTR-1 

0.C0075 

1095 

HlOTR-3 

0.00072 

1350 

HlOTR-4 

0.00072 

1375 

HlOTR-5 

0.00073 

1360 

HlOTR-6 

0.00071 

1270 

HlOTR-9 

0.00075 

1655 

HlOTR-10 

0.00075 

1490 

HlOTR-n 

0.00075 

1370 

HlOTR-15 

0.00075 

1380 

HlOTR-16 

0.00075 

1380 

HlOTR-18 

0.00075 

1270 

HlOTR-19 

0.00075 

1195 

Mean  Value 

0.00074 

1 350  ± 75 

Standard  Deviation 

- 

140 
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TABLE  24.  STRAIN-RATE  DATA  FROM  SMALL,  NO.  1-SIZE 
PLASTER  TENSION  SPECIMENS 


Specimen 

No.. 

Strain-Rate, 
in. /in, /min 

Tension  Strength, 
psi 

HlOTR-23 

0.0060 

1100 

HlOTR-27 

U.0060 

1240 

HlOTR-36 

0.0060 

970 

HlOTR-39 

0.0060 

1170 

HlOTR-46 

0.0060 

1125 

HlOTR-47 

0.0060 

1245 

HlOTR-49 

0.0060 

1150 

HlOTR-50 

0.0060 

1030 

HlOTR-52 

0,0060 

1390 

HlOTR-53 

0.0060 

1410 

HlOTR-54 

0.0060 

1405 

HlOTR-55 

0.0060 

1575 

Mean  Value 

0.0060 

1235  ± 95 

Standard  Deviation 


180 
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TABLE  25.  STRAIN-RATE  DATA  FR.OM  LAJIGE,  NO.  5-SIZE 
PLASTER  BEND  SPECIMENS 


Specimen 

No.' 

Strain— Rate 
in./in./rnin 

Bend  Strength, 
psi 

H50BR-2 

0.00075 

1215 

H50BR-3 

0.00075 

1045 

H50BR-5 

C. 00075 

1660 

H50BR-10 

0.00078 

1495 

H50BR-11 

0.00075 

1035 

H50BR-I2 

0.00072 

1215 

H50BR-13 

0.00063 

1235 

K50BR-14 

0.00077 

1155 

H50BR-15 

0i00082 

1255 

H50BR-18 

0.000'’5 

1395 

H50BR-20 

0,00075 

1495 

K50BR-21 

0.00075 

1135 

H50BR-24 

0.00075 

990 

H50BR-25 

0.00075 

1315 

Mean 

0.00075 

1260  ±95 

Standard  Deviation 

195 
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TABLE  26.  STRAIN-RATE  DATA  FROM  LARGE,  NO.  S^SIZE 
PLASTER  TORSION  SPECIMENS 


Specimen 

No. 

Strain-Rate 
in.  /in.  /min 

Torsion  Strength, 
psi 

H50SR-7 

0.0024 

1050 

H50SR-8 

0.0024 

1180 

H50SR-10 

0.0024 

815 

H50SR-11 

0.0024 

1000 

H50SR-13 

0.0024 

1305 

H50SR-14 

0.0024 

1125 

H50SR-15 

0.0024 

1025 

H50SR-16D 

0.0024 

1065 

H50SR-18 

0.0024 

1390 

H50SR-21 

0.0024 

1400 

H50SR-23 

0.0024 

980 

H50SR-25 

0.0024 

1295 

Mean  ' 

0.0024 

J 135  i 100 

Standard  Deviation  - . 180 
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THE  EFFECT  OF  TEMPERATURE  ON  MECHANICAL  PROPERTIES 


A study  of  the  strengtli  of  brittle  materials  cannot  be  considered  com- 
plete without  consideration  of  the  effects  of  temperature.  It  has  long  been 
known,  for  example,  that  the  absolute  temperature  of  a metallic  body  affects 
its  strength.  This  is  quite  obvious  when  it  is  realized  that  metals  all  become 
fluid  if  subjected  to  suff  cicntly  high  temperatures.  By  definition,  a fluid 
cannot  withsta.nd  shear  stresses  and  will  flow  read'ly  if  subjected  to  shear 
stresses.  This  observation  can  be  extended  to  all  brittle  materials,  mictaliic 
or  otherwise. 


Why,  then,  does  a material  which  fractures  with  practically  no  prior 
deformat.'ori  at  so-called  room  temperatures  behave  as  a fluid  at  some  ele- 
vated temperature?  In  answering  this  question,  many  scientists  have  pro- 
posed that  it  is  more  correct  to  speak,  rot  of  brittle  materials,  but  of  the 
"brittle  states"  of  these  materials.  They  infer  that  a material  may  be 
termed  "brittle"  when  it  exists  in  such  a state  that  it  will  fracture  before  it 
will  flow  under  the  action  of  shear  stresses.  Then  a transition  in  the  effect 
of  shear  stresses  must  occur-  suddenly  or  gradually,  as  the  temperature  of 
the  body  approaches  the  melting  point. 

In  general,  the  strengths  of  metals  have  been  observed  to  tend  to  in- 
crease with  decreasing  temperature.  In  addition,  it  has  been  noted  that 
the  entire  stress-strain  curve  of  a material  tends  to  change  with  tempera- 
ture, None  of  the  phenomenological  or  mechanistic  theories  men- 

tioned in  this  report  take  into  consideration  the  effects  of  temperature  on 
strength.  Because  of  the  "softening"  of  materials  with  temperature,  these 
effects  will  be  quite  complex. 


Elevated-Temperature  Torsion  Tests  on  Titanium  Carbide  K151A 


During  the  period  of  this  report,  test.s  v/cre  initiated  at  1300  F on 
titanium  carbide  K151A  torsion  specimens  of  the  same  lot  as  those  reported 
in  Table  7 of  WADC  Technical  Report  No.  52-67.  Tlie  purpose  of  these 
tests  was  primarily  to  establi.sh  the  methods  for  torsion  testing  brittle  ma- 
verials  at  elevated  temperatures. 

In  testing  these  specimens,  temperature  measurements  were  taken  at 
four  points  along  the  gage  length  in  order  to  determine  the  temperature 
distribution  in  this  region.  Four  platinurn-platinum-rhodium  thermocouples 
were  mounted  along  the  gage  length  at  points  about  5/8  inch  apart,  directly 
in  contact  with  the  specimen  surface. 

In  these  tests,  only  the  atress  at  fracture  was  measured;  no  strain 
measurements  were  taken.  The  applied  moments  were  determined  by  means 
of  a torsion  dynamometer  rmnmteil  at  the  fixed  end  of  the  torsion  machine. 
This  dy'namometer  consisted  of  a 1 -3/ 4-inch~diameter  steel  shaft,  onto 
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which  SK-'i  strain  ga^es  had  been  cemented.  The  strain  of  the.  SR-4  gages 
was  calibrated  against  the  applied  moment. 

The  specimens  were  mounted  between  tor.s:ori  heads  or  adapters  of 
the  type  shown  in  Figure  6 of  AF  Technical  Report  No,  651Z.  However,  the 
heads  used  in  these  elevated-temperature  tests  . had  cooling  coils  wrapped 
around  tlicir  bases.  The  entire  assembly  of  specimen,  thermocouples,  and 
torsion  lirads  was  placed  in  a horizontal-tube,  wire-wound  furnace. 

The  specimens  were  heated  to  the  test  temperature  and  allowed  to  soak 
at  tempcruture  for  two  hours.  After  soaking,  the  temperature  distribution 
along  the  specimen  was  determined;  In  the  specimens  tested  during  this 
period,  a maximum  temperature  variation  of  30  F was  noted.  This  variation 
arose  from  the  cooling  of  the  torsion  heads.  The  temperature  was  found  to 
decrease  from  the  center  of  the  specimen  outward. 

After  the  temperature  distribution  had  been  measured,  the  specimen 
was  tv/isted  to  fracture.  This  was  carried  out  at  a predetermined  rate  of 
0.  0427  radian  per  minute,  which  corresponded  to  a principal  strain  rate  of 
0.0027  inch/inch/minute.  The  temperature  in  the  center  of  the  specimen 
and  the  torsion-dynamometer  strain  at  fracture  were  recorded.  In  addition,  - 
the  atmospheric  pressure  and  the  dry-bulb  and  wet-bulb  temperatures  were 
measured  in  the  vicinity  of  the  specimen.  These  tests  were  conducted  in  air. 

The  results  of  the  tests  on  the  four  titanium  carbide  K151A  specimens 
are  given  lielow: 

S pocimen  No.  Test  Temp,  F Strength,  psi 


2-1 

1300 

59,  000 

2-5 

1300 

55, 000+ 

2-12 

1290 

58, 000* 

2-13 

1300 

41,300* 

•A  sinall  flaw  wa»  found  In  the  fracture  tutface. 

The  strengths  of  these  specimens  were  con.siderably  below  the  average 
strength,  97,  800  psi,  reported  for  specimens  of  this  lot  tested  at  room 
temperature  (see  Table  7,  WADC  Technical  Report  No.  52-67).  When  these 
data  are  compared  qualitatively  with  modulus-of-runture  data  obtained  by 
the  National  Advisory  Committee  for  Aeronautics^ the  two  sets  of  data 
are  found  to  be  in  relative  agreement.  These  results  serve  to  verify  the 
statement  made  earlier  that  K151A  is  not  a profitable  material  for  investi- 
gation due  to  its  tendency  to  contain  objectionable  flaws.  Nevertheless, 
these  data  .serve  to  substantiate  the  observation  that  temperature  affects  the 
strength  of  ceramic  materials. 
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TESTING  METHODS 

Size-Effect  Compression  Tests 

desired  from  the  size-effect  compression  tests  on 
s modulus,  Poisson's  ratio,  and  the  compression 
the  values  of  compression  strength  observed  were 
validity  because  of  end  effects,  as  described  earlier  in 

In  the  measurement  of  elastic  properties,  the  considerable  size  dif- 
ference between  the  No.  1 size  and  the  No.  5 size  made  it  necessary  to 
use  different  sizes  of  gage.  Different  types  of  gages  were  employed  in  an 
effort  to  cover  relatively  the  same  amount  of  surface  area.  The  No.  1- 
size  specimen  was  too  small  to  mount  the  four  gages  necessary  for  the 
simultaneous  measurement  of  Young' s modulus  and  Poisson’ s ratio.  As  a 
consequence.  Young' s modulus  was  obtained  from  two  of  the  small  speci- 
mens in  each  batch  and  Poisson'  s ratio  was  obtained  from  the  remaining 
small  specimen. 

In  the  preparation  of  the  two  No.  1 specimens  used  in  modulus  deter- 
minations, three  A-7  type  SR-4  strain  gages  were  cemented  at  120-degree 
intervals  to  the  cylindrical  surface  ol  each  specimen.  These  three  gages 
were  used  to  secure  axial  alignment  in  the  test.  Only  two  A-7-type  gages 
v/ere  cemented  to  each  of  the  small  specimens  used  for  Poisson' s- 
ratio  measurements.  These  two  gages  were  mounted  on  the  same  vertical 
element  of  the  specimen,  one  above  the  other,  but  with  their  axes  per- 
pendicular. 

In  the  preparation  of  the  large.  No,  5-size  specimens,  it  was  pos- 
sible to  measure  Young'  a modulus  and  Poisson' s ratio  simultaneously  on 
the  same  specimen.  Three  A-5-type  strain  gages  were  cemented  to  the 
specimen  at  120-degree  intervals  and  a fourth  "transverse"  gage  was 
mounted  perpendicular  to  one  of  the  three  "longitudinal"  gages.  The 
mounting  of  the  transverse  gage  can  be  seen  in  Figure  20. 

After  the  strain  gages  had  been  cemented  to  all  of  the  specimens  of  a 
batch,  the  entire  batch  was  returned  to  the  curing  oven  and  kept  there 
until  about  12  hours  prior  to  testing.  At  that  time,  the  entire  batch  was 
taken  from  the  over,  and  placed  on  the  bed  of  the  testing  machine.  This 
procedure  was  used  in  an  effort  to  permit  the  specimen  to  adjust  to  the 
surrounding  atmospheric  conditions  before  testing. 

In  testing  the  two  sizes,  3 thicknesses  of  paper  were  placed  between 
the  specimen  and  each  of  the  hardened-steel  compression  pads.  The  speci- 
men was  loaded  to  just  above  the  maximum  load  to  be  used  in  determining 


The  quantities 
plaster  were  Young' 
strciigth.  However, 
felt  to  be  of  doubtful 
this  report. 
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the  moHulu.'i  of  elasticity.  The  load  v/as  removed  and  the  cycle  repeated 
three  times  for  the  purpose  of  prestraining  the.  SR-4  strain  gages.  (15) 

Then  the  specimen  was  aligned  and  loaded  in  increments  to  a stress 
level  of  about  1500  psi,  reading  each  strain  gage  at  each  load  level.  The 
loading  was  continued  above  1500  psi  in  2000-psi  increments  until  fracture. 
The  loading  during  these  latter  increments  was  carried  out  at  a calculated 
strain  rate  of  about  0.  0045  inch/inrh/minute.  In  the  loading  of  the  small, 
No.  1-aize  specimens  used  for  obtaining  Poisson's  ratio,  the  alignment 
could  not  be  checked  accurately,  since  only  one  longitudinal  gage  was  used. 
In  this  case,  the  loading  was  adjusted  to  produce  the  same  indicated  strain 
in  the  longitudinal  gage  as  had  been  obtained  previously  in  those  No.  1 
specimens  with  three  gages.  Alignment  was  a less  serious  problem  in  the 
case  of  Poisson' s ratio  specimens  in  that  superposed  bending  should  have 
a negligible  effect  on  the  ratio  of  two  strains  from  gages  on  the  same 
vertical  element. 

Along  with  the  various  values  of  load  and  strain,  the  room- 
temperature  (cry-bulb)  and  the  wet-bulb  temperatures  in  the  vicLuity  of  the 
specimen  v/ere  recorded  during  each  test.  The  barometric  pressure  also 
was  recorded. 

Sir.c-Effert  Tension  Testa 


The  uroccdure  for  conducting  tension  tests  on  the  No.  l-siae  tejision 
specimen  wiifl  similar  to  that  for  testing  the  Hydrostone  size-effect  com- 
pression specimens.  After  a No.  1 tension  specimen  had  been  in  the  curing 
oven  for  10  to  12  days,  it  was  removed,  if  necessary,  for  mounting  SR-4 
strain  gages.  Since  only  one  tension  specimen  could  be  cast  frorn  each  batch 
of  plaster,  the  specimens  could  be  removed  from  the  oven  individually. 

Two  SR-4,  Type  A-7,  gages  were  used  on  each  specimen  from  which 
nriodulus  of  elasticity  data  were  desired.  These  two  gages  were  cemented 
to  opposite  sides  of  the  gage  .section.  In  the  case  c'’  those  No.  1 specimens 
from  which  Poisson' s-ratio  data  were  desired,  Poisson’s  ratio  was  meas- 
ured using  small,  Type  A-I9,  SR-4  strain  gages.  Two  A-19  gages  were 
cemented  transversely  below  two  A-7  gages  cemented  longitudinally  to  the 
gage  section.  Even  with  the  use  of  these  small  A-19  gages  (1/16-inch  gage 
length),  a portion  of  the  lead  section  of  each  A-19  gage  could  not  be 
cemented  to  the  specimen.  The  lead  end  of  the  gage  extended  beyond  the 
edge  of  the  specimen. 

Before  using  these  gages,  it  was  necessary  to  determine  whether  this 
unique  mounting  changed  their  gage  factor.  To  do  this,  two  A-19  gages  of 
the  same  lot  were  mounted  on  the  tension  surface  of  a large  No.  5-size 
bend  specimen  (see  Figure  7).  Both  of  these  gages  were  mounted  trans- 
verse to  the  principal  tensile  strain.  One  gage  was  mounted  exactly  as  the 


transverse  gages  on  the  tension  specimen,  that  is,  with  part  of  the  gage 
hanging  freely'  oyer  the  edge.  The  second  gage  was  mounted  alongside  the 
first,  but  it  was  turned  180  degrees,  so  that  the  entire  gage  could  be 
cemented  to  the  specimen.  The  specimen  was  loaded  and  the  strain 
measured  on  three  different  Baldwin  strain  indicators.  Five  elastic  runs 
were  made  with  each  combination  of  indicators.  The  strains  from  the  two 
gages  v/e re  found  to  agree  within  1 per  cent,  indicating  that  the  gage  factor 
was  not  changed  by  cementing  only  the  active  part  of  the  gage  to  a specimen. 


In  the  case  of  the  No.  4 tension  specimen,  Type  A-5  gages  were 
used  for  measuring  strains;  otherwise,  the  treatment  of  No.  1 and  No.  4 
tension  specimens  was  identical. 


In  conducting  the  tension  test  on  the  No.  l-sii,e  specimen,  the  speci~ 
men  was  placed  in  the  testing  machine  (Baldwin  Southwark  60,  000-pound- 
capacity  Universal  Testing  Machine)  and  aligned.  An  initial  load  of  1 5 
pounds  was  used  to  maintain  alignment. 


T.'ie  No,  1 specimen  (if  it  had  strain  gages  on  it)  was  loaded  then  to 
slightly  above  40  pounds  (650  psi)  and  unloaded  to  1 5 pounds.  This  cycle 
was  repeated  three  times  to  prestrain  the  gages  before  making  a recording 
run.  Then  the  load  was  applied  at  a slow  continuous  rate  and  the  strains 
recorded.  The  load  was  then  lowered  to  abuut  30  pounds  and  reapplied  at  a 
calculated  strain  rate  of  about  0.  0045  inch/inch/minute  until  the  specimen 
fractured. 


Size-Effect  Bend  Tests 


A strict  procedure  w-as  employed  in  the  testing  of  these  bend  speci- 
mens, After  a large.  No.  5-size  specimen  had  been  in  the  curing  oven  for 
10  to  12  days,  it  was  removed  and  SR-4  strain  gages  mounted  on  it,  A 
total  of  four  strain  gages  was  mounted  on  each  specirnen,  two  gages  on 
each  of  the  top  and  bottom  suifaces  of  the  gage  section.  One  of  each  pair 
(longitudinal  gage)  was  moimted  parallel  to  the  long  axis  of  the 
specimen,  and  the  ether  gage  (transverse  gage)  was  mounted  perpendicular 
to  the  axis.  The  longitudinal  gages  measured  the  major  tensile  and  com- 
pressive strains,  while  the  transverse  gages  measured  transverse  strains. 

In  testing  the  No.  5 bend  specimen,  the  specimen  w'as  placed  in  the 
beno  jig  (see  "Bend  Test  Loading  Apparatus")  and  loaded  to  slightly  above 
the  maximum  load  used  in  elastic  determinations.  The  specimen  was  un- 
loaded and  the  cycle  repeated  three  times  for  the  purpose  of  pi  es train' ig 
the  gages.  Then  the  specimen  was  loaded  at  a slow  continuous  rate  to  ap- 
proximately 550  j-<si  and  the  strain  recorded  at  regular  intervals.  At  least 
three  of  these  runs  for  recording  elastic  data  were  made  on  each  No,  5 
specimen.  Following  the  last  of  these  runs,  the  specimen  v/as  loaded  at  a 
strain  rate  of  0.0027  inch/inch/rninute  (predetermined  frf>m  tests  on  trial 
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specimcns).  The  load  and  the  '.naxiinum  tensile  strain  at  fracture  were 
recorded. 

A slightly  different  procedure  was  followed  in  the  preparation  and 
testing  of  the  No.  1-size  bend  specirrjen.  Uue  to  the  exticmely  sr.tall  size 
of  the  gage  section  of  this  specimen,  it  was  impossible  to  mount  both  a 
longitudinal  and  a transverse  gage  on  each  surface  of  the  gage  section. 
There  was  room  only  for  the  longitudinal  gages.  As  a result,  Poisson's 
ratio  was  nut  obtained  from  the  tests  on  the  No.  l-sizc  bend  specimen. 

Prior  to  testing  the  No.  1 specimen  of  plaster,  a steel  specimen  of 
sirriiNir  size  was  placed  in  the  No.  1 bend  jig.  (This  jig  is  shown  in  Figure 
23  and  discussed  in  detail  later  in  this  report.  ) The  jig  was  cycled  four 
times  to  a load  considerably  above  the  anticipated  fracture  load  of  the 
plaster  specimens  in  order  to  stabilize  the  dynamometer  system  of  the  jig. 
Then  the  steel  specimen  was  replaced  with  a plaster  specimen,  the  elastic 
data  obtained,  and  the  specimen  loaded  to  fracture  at  a strain  rate  of. 
0.0027  inch/inch/ mirnite  (prcdelcr jnineu  by  tests  on  trial  specimens).  The 
dynamometer  load  and  the  machine  load  (as  a check)  were  recorded  at 
fracture,  along  with  the  fracture  strains, 

* 

The  dry-bulb  and  wet-bulb  temperatures  and  the  atmospheric  pres- 
sure in  the  vicinity  of  tlic  specimen  were  recorded  during  each  bend  test. 


Size-Effect  Torsion  Tests 


A special  loading  machine  was  used  for  loading  the  torsion  specimens. 
This  lathe-like  machine  permitted  the  application  of  a torsional  moment 
to  the  size-effect  .specimens  (see  Figure  7,  AF  Technical  Report  No.  65i2). 
This  machine  was  described  in  the  RAND  Report  R-ZO"),  dated  August  31, 
1950,  on  "Mechanical  Properties  of  Ceramic  Bod;.;s", 

The  torsional  moment  was  applied  to  the  plaster  size-effect  torsion 
specimens  by  means  of  special  torsion  heads  or  grips.  One  of  these  heads 
served  as  a torsion  dynamometer  for  measviring  the  torque  applied  to  the 
specimen.  A special  set  of  heads  was  designed  and  constructed  for  the 
No.  1-  and  the  No.  5-size  torsion  specimens.  The  operation  and  calibration 
of  these  torsion  heads  and  dynarno.-neters  is  described  in  detail  later  in  this 
report. 

The  strain  gages  on  each  dynamometer  were  prestrained  prior  to 
testing  to  insure  proper  operation.  Then  the  No.  ) or  No.  5 torsion  speci- 
men was  placed  in  tlie  torsion  heads,  which  had  been  fastened  to  the  moving 
and  fixed  heads  of  the  torsion  machine.  In  those  tests  in  which  no  elastic 
r ala  were  obtained,  the  specimen  was  twisted  immediately  to  fracture  at  a 
rate  of  0.  127  radian  per  minute. 
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The  twict  rate,  0.  127  radian  per  minute,  was  determined  from 
experiments  on  trial  No,  b-size  specimens.  On  these  specimens,  a strain 
gage  was  placed  on  the  gage  section  at  an  angle  of  45  degrees  to  the  axis. 
Hence,  when  the  specimen  was  twisted,  the  strain  gage  was  in  a position  to 
measure  the  principal  tensile  strain  in  the  specimen.  Then  the  external 
twjst  rate  was  adjusted  to  give  a principal  strain  rate  of  0,  0027  inch/inch/ 
minute.  This  was  the  principal  strain  rate  used  in  all  the  other  size-effect 
tests  on  plaster  except  the  compression  tests. 

This  same  twist  rate,  0.  127  radian  per  minute,  was  used  in  testing 
both  the  No.  5-sizc  and  the  No.  1 -size  torsion  specimens,  bince  it  was 
impossible  to  cement  strain  gages  to  the  No.  l-size  specimen,  it  v/as  as- 
sunied  that  the  principles  of  similitude  held.  By  these  principles,  both  tlie 
No.  1-  and  the  No.  5-sIze  specimens  should  have  the  same  twist  rates  for 
any  giv’en  principal  strain  rate. 

As  pointed  out  earlier,  elastic  data  were  obtained  from  tlie  large, 

No.  5-size  specimens  only.  These  data  consisted  of  determinations  of  the 
modulus  of  rigidity  of  these  specimens. 

Prior  to  testing,  the  No.  5-size  specimens  were  removed  from  the 
curing  oven  and  allowed  to  cool.  Two  small  silvered  mirrors  were 
cemented  to  the  gage  section  of  the  specimen  5 inches  apart.  (Fig’ure  6 of 
AF  'icclmical  Report  No.  6512  shows  two  such  mirrors  mounted  in  a 
similar  manner  on  a titanium  carbide  specimen.  ) Then  the  specimens 
were  returned  to  the  dryer. 

In  the  test,  each  specimen  was  placed  hi  the  torsion  heads  with  the 
plane  of  the  mirrors  vertical.  Then  a hig.i-intensity  light  source  was 
placed  in  front  of  the  mirrors.  This  light  source  was  enclosed  in  a light- 
proof box  equipped  with  a camera  shutter  and  a lens  system.  A film  holder 
containing  a piece  of  8 x 11-inch  film  was  placed  in  such  a position  that  the 
reflected  images  (one  from  each  mirror)  of  the  light  source  would  fall  on 
the  film  if  the  shutter  was  open. 

At  this  point,  the  torsion  dynamometer  was  loosened  from  the  fixed 
head  so  that  the  specimen  coulc!  be  tuimed  by  the  driving  head  without 
applying  torque  to  the  specimen.  Then  the  vertical  movement  of  each  of 
the  reflected  images  on  the  film  was  calibrated  against  a known  rotation  of 
the  mirrors.  The  calibrations  and  the  torsion  tests  for  elastic  data  were 
carried  out  in  a room  that  was  lightproofed  so  that  it  was  essentially  a 
darkroom.  In  this  way,  the  positions  of  the  reflected  images  of  the  mirrors 
could  be  photogra.  hed. 

At  the  beginning  of  the  torsion  test,  the  driving  head  was  turned 
manually  until  the  strain  indicator  on  the  torsion  dynamometer  indicated 
that  torque  had  begun  to  be  applied.  The  lights  in  the  room  were  turned 
off  and  the  image  positions  photographed.  The  driving  head  was  turned 
then  until  a predetermined  increment  of  torque  had  been  applied.  The 
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shutter  was  tripped  again  and  the  proccs'-  repeated  through  seven  increments. 
This  entire  process  was  repeated  four  times  Co  give  four  elastic  determi- 
nations. After  the  final  run,  the  specimen  was  twisted  to  fracture  at  the 
desired  strain  rate.  The  torsional  moments  were  measured  in  the  same 
manner  as  in  the  testing  of  the  other  large  torsion  specimens. 

Upon  completion  of  the  test,  the  filni  was  developed  and  the  distances 
between  the  pinpoint  images  were  measured  wi‘h  an  optical  comparator. 

The  difference  iu  movement  of  the  images  of  the  two  mirrors  was  converted 
ioto  torsional  strain.  The  modulus  of  rigidity  was  determined  as  the  slope 
of  the  curve  of  shear  stress  versus  shear  strain. 

The  dynamometer  reading  was  recorded  at  the  instant  of  fracture  in 
all  tests  on  the  No.  1-  and  No.  5-  size  torsion  specimens  of  plaster.  The 
torsional  moment  at  fracture  was  determined  from  a calibration  of  the 
dynamometers.  The  dry-bulb  and  wet-bulb  temperatures  and  the  atmos- 
pheric pressure  in  the  vicinity  of  the  specimen  were  recorded  during  each 
test. 


Combined-Stress  Tests 

After  a biaxial  specimen  had  been  cured  for  12  days,  it  was  removed 
from  the  curing  oven  and  SR-4  strain  gages  were  mounted  on  the  outside 
surface  of  the  gage  section.  Six  strain  gages  were  mounted  on  each  speci- 
men, three  in  the  direction  cf  the  axis  of  the  cylinder  and  three  transverse 
to  the  axis.  The  gages  were  mounted  in  pairs,  one  axial  gage  and  one 
transverse  gage,  at  120-degree  intervals  around  the  circumference  of  the 
gage  section.  The  orientation  of  these  gages  is  illustrated  in  Figure  17. 
After  the  strain  gages  had  been  cemented  to  a specimen,  it  was  returned  to 
the  drying  oven  and  kept  there  until  about  12  hours  prior  to  testing.  At 
that  time,  it  was  placed  on  the  bed  af  the  testing  machine  so  tha',  it  w'Ould 
adjust  to  the  surrounding  atmospheric  conditions  before  testing. 

The  first  step  in  the  testing  was  to  determine  the  elastic  constants, 
the  modulus  of  elasticity  and  Poisson's  ratio.  To  do  this,  the  specimen 
was  placed  in  a Baldwin-Southwark  Universal  Testing  Machine  and  loaded 
axially  in  tension  through  the  tension  adapters  of  the  specimen  by  means  of 
tension  grips  made  up  of  chain  links.  These  chain-link  adapiers,  one  end 
of  which  fastened  to  the  head  of  the  machine,  helped  to  maintain  axiality  of 
loading.  The  specimen  was  loaded  to  just  above  the  maxi:num  load  to  be 
used  in  the  elastic  determinations.  Then  the  load  was  removed  and  the 
complete  cycle  repeated  three  times.  This  process  was  carried  out  for  the 
purpose  of  prestraining  the  strain  gages. 

Following  the  third  prestraining  cycle,  the  specimen  was  loaded  at  a 
continuous  rate  to  a stress  of  about  300  psi.  Readings  were  taken  on  all 
three  axial  gages  and  on  one  transverse  gage.  Then  the  load  was  removed 
and  the  loading  cycle  repeated  at  least  three  times,  so  that  four  loading 
cycles  were  available  for  elastic  determinations. 
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Following  the  last  elastic  run,,  the  specimen  was  removed  anJ  attached 
to  the  pressure-leading  system  (see  Figure  30).  ' Ea.ch  strain  gage  was  con- 
nected to  a separate  strain  indicator  to  permit  the  simultaneous  reading  of 
all  six  strain  gages  at  fracture.  At  this  point,  the  specimen  was  loaded  at 
a '-ontinuous  rate  to  an  internal  pressure  of  100  psi,  the  pressure  removed, 
and  then  the  entire  cycle  repeated  three  times  to  prestrnn  the  SR-4  gages. 
Then  the  specimen  was  loaded  at  a.slow  continuous-pressure  rate  and 
strain  readings  were  taken  simultaneously  every  10  psi.  A.t  the  same  time, 
the  pressure  was  measured  by  means  of  strain  gages  on  the  Bourdon  tube 
of  the  0-300  pressure  gage.  After  reaching  a pressure  of  100  psi,  the 
pressure  was  relea<sed  and  the  complete  cycle  repeated  at  least  three  times. 
At  the  end  of  the  last  cycle,  tlie  pressure  in  the  specimen  was  increased  to 
100  psi  and  the  loading  valve  closed.  The  accumulator  was  pumped  to  300 
psi.  Then  the  loading  valve  was  opened  to  a predetermined  and  precalibrated 
setting  to  give  a pressure  rate  of  about  1100  psi  per  minute.  This  pressure 
rate  was  calculated  from  a desired  principal  strain  rate  of  0.  0027  ineh/inch/ 
minute,  the  strain  rate  used  in  tlie  size-effect  tests  on  Hydrostone  plaster. 

As  the  pressure  increased,  the  strain  rate  on  one  of  the  transverse  strain 
gages  was  measured.  A.11  the  strains  and  pressures  were  measured  at.  tlie 
instant  of  fracture.  In  addition,  the  dry-bulb  and  wet-bulb  temperatures 
and  the  atmospneric  pressure  in  the  vicinity  of  the  specimen  w..re  recorded 
during  each  test. 

In  the  case  of  specimens  fractured  under  tension  loading,  only  three 
longitudinal  and  one  transverse  gag<“s  were  used.  These  specimens  were 
fractured  follow'ing  the  last  elastic  determination,  by  loading  in  tension  to 
fracture  at  a measured  strain  rate  of  0.  0027  inch/inch/minute.  This  strain 
rate  was  obtained  by  trial  measurements  on  each  specimen  immediately 
prior  to  testing. 


One  of  the  secondary  objectives  of  this  investigation  has  been  the 
development  of  precise  techniques  for  the  procurements  of  fracture  data. 
During  the  period  of  this  report,  considerable  effort  was  directed  toward 
the  development  of  proper  test  apparatus. 


Bend-Test  Loading  Apparatus 

The  effort  made  during  this  period  to  obtain  more  precise  bend  data 
was  described  earlier  in  tliis  report.  During  past  periods  of  research,  a 
great  deal  of  difficulty  was  experienced  in  obtaining  precise  bend  data. 

The  alternate  bchd-test  cpccimen  developed  during  this  period  for  the  siie- 
effect  program  was  a partial  solution  to  the  problem  of  extraneous  friction 
forces', 

A loading  apparatus  similar  to  that  described  by  Frocht(40)  was 
designed  for  the  loading  of  each  size  of  this  specimen.  By  virtue  of  its 
design,  this  type  of  loading  apparatus  eliminated  practically  all  the 
frictional  forces  at  the  points  of  loading.  The  specif'c  jig  uced  for  loading 
the  smallest.  No.  1-size  alternate  bend-teat  specimens  of  Hydrostone  is 
shown  in  Figure  23.  With  this  apparatus,  the  load  was  applied  through  wire 
cables  which  were  attached  by  adapters  to  the  heads  of  the  testing  machine. 
The  use  of  wire  cables  helped  to  assure  axiality  of  leading.  The  links  of 
this  jig  were  free  to  rotate  vmder  the  application  of  load.  Strain  gages 
cemented  to  the  bottom  horizontal  bar  were  employed  as  a dynamometer 
system  for  tne  measurement  of  load.  Such  a system  was  necessary  since 
the  load  dial  of  the  testing  machine  was  not  sufficiently  sensitive  to  record 
fracture  loads  with  the  accuracy  desired. 

The  jig  for  loading  the  largest.  No.  5-size  alternate  bend  specimen 
was  similar  to  the  one  used  for  loading  the  No.  1-size  specimen.  As  in  the 
case  of  the  small  jig,  the  load  was  applied  through  wure  cables.  Strain  gages 
were  not  used  for  measuring  the  load,  since  the  loads  were  large  enough  to 
obtain  sufficient  accuracy  from  the  lead  dial  of  the  testing  machine.  This 
loading  apparatus  was  sdtered  slightly  for  the  strain-rate  tests  on  the  No.  5 
bend  specimens,  by  replacing  the  wire  cables  with  chain-link  adapters,  so 
that  the  anticipated  higher  loads  could  be  obtained. 


Loading  Systems  for  Size-Effect  Torsion  Specimens 


In  order  to  load  the  No,  1-  and  No.  5-sizc  torsion  specimens  used  in 
the  size-effect  program  on  plaster,  it  was  necessary  to  design  torsional 
grips  for  twisting  these  specimens.  These  torsion  grips  or  heads  are 
shown  in  Figure  24  and  Figure  25.  The;  flange  of  each  head  w iS  designed  to 
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figure  24.  LOADING  SYSTEM  FOR  NO,  I-SIZE  PLASTER 
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fr.sten  to  the  ’noving  or  fixed  heads  of  the  torsion  machine.  Each  head  v/.as 
machined  with  a square  recess  into  which  the  shoulder  of  the  tc>rsion  speci- 
nien  was  fitted. 

One  torsion  head  of  car.h  pair  was  'linrd  with  a reduced  or  "necked- 

down"  section,  f'cur  SR-4  strain  gages  were  cemented  to  this  reduced 
section  with  the  axis  of  each  f^age  at  45  degrees  to  the  axis  of  the  torsion 
head.  These  gages  -.verc  oriented  such  that,  when  torqne  was  applied  to  the 
head,  two  of  the  gages  measured  the  princijial  tensile  strain  in  the  shank  and 
the  other  two  measured  the  principal  compressive  strain.  The  two  pairs 
of  gages  were  connected  to  opjiosite  arms  of  a slrain  indicator.  The  strain 
from  each  dynamo.mele r was  calibrated  aga;n.st  a known  torque.  The  dyna- 
mometer for  the  No.  1-size  specimen  is  at  tlic  left  in  Figure  24,  and  the 
dynamometer  for  the  No.  5-size  specimen  is  ;it  the  right  in  Figure  25, 

The  torque  at  fracture  for  the  No.  1-  and  No.  5-size  specimens  was 
determined  from  these  rlynamometers. 


Biaxial  Test  Specimen 


A biaxial  specimen  was  developed  during  this  period  in  an  effort  to 
extend  the  study  of  the  effect  of  stress  state  cn  fracture  to  more  complex 
and  realistic  states  of  stress.  Essentially,  this  specimen,  illustrated 
schematically  in  Figure  26,  was  a thick-walled,  hollow  cylinder  which 
could  be  subjected  simultaneously  to  an  internal  pressure  and  an  axial 
tension  or  compression.  The  hollow  plaster  specimen  was  formed  by 
casting  about  an  internal  assembly.  The  key  part  of  this  assembly  was  a 
metal  sleeve  which  acted  as  a form  for  the  internal  surface  of  the  gage 
section.  This  sleeve  was  made  of  a low-melting  alloy  which  was  melted 
out  of  the  specimen  (with  warm  water)  after  the  plaster  shell  had  hardened. 

In  the  internal  assembly,  the  metal  sleeve  was  held  in  place  by 
hemispherical  caps  of  brass.  These  caps  were  split  so  that  the  rubber  inter- 
layer, a cylindrical  tube  of  surgical  rubber,  covild  be  fastened  over  the 
metal  sleeve.  In  addition,  these  caps  were  constructed  to  permit  the  attach- 
ment of  tension-loading  adapters.  Figure  27  shows  an  exploded  view  of 
this  internal  assembly,  including  the  tension  adapters.  It  should  be  noted 
that  one  end  of  the  assembly  has  a central  hole  through  which  the  metal 
from  the.  sleeve  could  be  drained,  and  throvigh  which  the  hydraulic  fluid  was 
admitted.  In  addition,  one  of  the  tension  adapters  acted  as  a pressure 
fitting.  Figure  28  showes  the  entix-e  internal  assembly.  The  final  product, 
the  plaster  biaxial  specimen,  is  shown  in  Figure  29. 


93673 

FIGURE  27.  EXPLODED  VIEW  OF  INTERNAL  ASSEMBLY 
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Biaxi;»I  Lo.-)tlir.i»  System 


The  syste.-n  used  to  supply  hydraulic  pressure  to  the  biaxial  speci- 
men is  shown  .n  Figure  30.  The  ,*ipe<  imen  was  loaded  by  the  hydraulic 
pressvire  supplied  from  an  accuniulator  through  a valve.  The  pressure  in 
the  accumulator  was  built  up  by  means  of  an  aircraft  hand  pump.  Oil  was 
supplied  to  the  system  from  a reservoir. 

With  the  unloading  valve  and  loading  valve  closed  and  the  accumulator 
valve  open,  the  pressure  in  the  acciirnulator  was  pumped  to  a predetermined 
value  and  the  accumulator  valve  closed.  The  specimen  could  be  loaded  at 
any  rate  then  by  opening  the  loading  valve  a predetermined  amount.  The 
pressure  in  the  specimen  was  relieved  by  opening  the  unloading  and  loading 
vaives. 

In  order  to  measure  the  pressure  in  the  specimen  at  fracture,  strain 
gages  were  mounted  on  the  Bourdon  tubes  of  the  0-  to  300-psi  pressure 
gage.  These  strain  gages  were  calibrated  with  a dead-weight  tester. 

All  the  biaxial  specimens  tested  under  pressure  during  this  period 
were  loaded  v/ith  this  apparatu  ».  Designs  were  completed  during  this 
period  to  replace  the  hand  rump  with  a motor-driven  pump  to  maintain  a 
constant  accumulator  pressure. 
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APPENDIX  I 


PREPARATION  OF  DATA 


Size-Effect  Compression  Data  on  Plaster 


A specific  procedure  was  used  in  the  calculation  of  the  various  data 
from  the  size-effect  compression  teats.  In  the  case  of  the  small,  No.  1 — 
size  cpmpressiori  specimen,  all  strain  data  were  calculated  taking  into 
consideration  the  effect  of  the  transverse  sensitivity  of  the  strain  gages. 
For  those  No.  l-size  specimens  that  had  only  one  longitudinal  and  one 
transverse  strain  gage,  the  longitudinal  strain,  t was  calculated  from 
the  cquation(  ^ ^): 


* 1 


1 - VqK 

1 - 


l^'a  1 ~ ^ ^ a2 J > 


(20) 


where 


» constant  = 0.  285, 

K = constant  depending  on  the  type  of  gage  = 0.01  (for  A-7  gages), 
s value  of  indicator  strain  on  the  longitudinal  gage  (in.  per  in.), 
B value  of  indicator  strain  cn  the  transverse  gage  (in.  per  in,). 

The  transverse  strain,  of’  this  specimen  was  calcu'ated  from; 


'2 


I - voK 
1 - 


h - ■*'] 


(21) 


It  is  important  to  point  out  that  the  use  of  Equations  (20)  and  (21)  demands 
careful  consideration  of  the  sign  of  each  term  involved,  particularly  the 
sign  of  the  indicator  strains.  In  compression,  is  negative  and 

is  positive.  In  tension,  is  positive  and  is  negative. 

The  nominal  compression  stress,  a,  was  calculated  from; 


JP. 

A., 


(psi)  , 


(22) 
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where: 

P = axial  compressive  load,  lb, 

Aq  = original  cross-sectional  area,  sq  in. 

The  "true"  longitudinal  strain,  .jj,  ba."ed  on  the  concept  of  "true  stress 
and  true  strain",  was  calculated,  where  necessary,  as: 


a In  (1  + . 

The  transverse  "true"  reduction  of  area,  q',  was  calculated  as: 


(23) 


q'  - 2 In  (1  + t^)  . (24) 

For  values  of  less  than  0.001  in.  per  in.,  Sj  and  are  equivalent  for 
all  practical  purposes.  Similarly,  for  values  of  less  than  0.001  in.  per 
in.,  q'  is  equivalent  to  2 1"  most  instances,  in  the  calculation  of  data, 

the  difference  between  the  "true"  strain  and  the  "ordinary"  stiain  was  too 
insignificant  to  warrant  calculation  of  "true"  strains. 

In  the  calculation  of  Poisson' s ratio,  a plot  of  nominal  stress,  a , 
versus  "true"  longitudinal  strain,  f j,  was  constructed  and  the  slope,  Ej, 
of  this  curve  was  determined.  A plot  of  a versus  "true"  reduction  of  area, 
q' 5 was  constiucted  also  and  the  slope,  Eq,  of  this  curve  was  determined. 
Then  Poisson's  ratio,  , was  calculated  from  the  equation: 


2 Eq  * 


(25) 


The  validity  of  Equation  (25)  is  immediately  apparent  for  strains  less  than 
0.001  in.  per  in.,  since 


and 


Then: 


(26) 
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For  values  of  strain  greater  than  O.OOl  in  per  in.,  Eqiiation  (Z5)  is  still 
valid  in  that; 


ial 

2 ln(l  + 


Where: 


In  (1  + ' i)  ^ 


In  (1  + <j)  = 


where,  for  values  of  and  as  high  as  0.  1 in.  per  in.  , it  is  within 
experimental  accuracy  to  drop  all  terms  of  higher  order. 

The  "true"  stress,  a'  , was  calculated  as; 

(psi)  > {2.1) 

where:  Aj.  = "true"  area  = (1  + r^)^Ao(sq  in.). 

Foe  those  No.  1-size  compression  specimens  which  had  three  longi- 
tudinal gages,  the  longitudinal  strains,  fj,  and  were  calculated 

from  the  equations; 


. - ( \ ^ 

■1  - Vi-,.K  y 'al. 


(28) 
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' 3 ^ A i - K / 


, (L-.^a^A 

M =*  V 1 -»/  K / 


'a3 


f 


(28a) 


(28b) 


where  v-’  was  the  value  of  Poisson,*  s ratio  determined  from  the  No.  i~size 
compression  specimen  of  the  sat/te  batch. 

The  average  longitudinal  strain,  w,'*s  determined  and 

calculate,  where  desired,  the  average  longitudinal  true  strain, 
the  equation; 


(29) 
(29  a) 

Stress  — strain  curves  were  drawn  for  these  specimens  with  three 
gages  by  plotting  stress,  a,  versus  average  longitudinal  strain,  (q. 

The  modulus  of  elasticity,  E,  was  determined  then  as  the  slope  of  the 
stress-strain  curve.  Compression  strengths  were  calculated,  where  pos- 
sible, from  Equation  (27)  above. 

In  the  case  of  the  larger.  No.  5-size  compression  specimens,  the 
data  were  calculated  using  essentially  the  same  procedure  and  formulas 
as  were  used  for  calculating  data  for  the  Niy.  1-size  specimen.  The  value 
of  the  constant,  K,  in  Equations  (20),  (21),  (28),  (28a),  and  (28b),  however, 
had  a value  of  +0.  035  (for  A-5  gag'-®)* 

As  three  longitudinal  gages  and  a transverse  gage  were  mounted  on 
each  of  the  No»  5 specimens,  it  was  possible  to  obtain  both  Foisson*  s ratio 
and  Young*  s modulus  from  each  speciinen.  Hence,  the  value  of  v used  in 
Equations  (28a)  and  (28b)  was  thal  value  determined  from  the  same  speci- 
men. 


= In  (1  + ^ J 

- . ( , < 0.  oon 

c c 


used  to 
df.,  from 


Size-Effect  Te i » sion  Data  on  Plaster 


The  testing  procedure  for  conducting  tensio.r  tests  on  the  smallest, 
the  No.  1-size,  alternate  tension  specimen  was  essentially  similar  to 
that  for  compression  testing.  The  data  obtained  from  the  tension  test  of 
'o.  1— size  specimens  of  Hydrostone  were  calculated  in  a somewhat  dif- 
ferent manner  from  that  used  in  the  calculation  of  data  from  the  size— effect 
compression  specimens.  The  strains  observ€;<l  were  so  s nail,  even  at 
fracture  (about  550  rnicroinches  per  in,),  that  the  magnitude  of  the 
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correction  introduced  by  using  strain  relations  similar  to  Equation  (Z6) 
ivas  v-’ithin  experimental  error.  In  view  of  this  fact,  the  indicator  strains 
recorded  during  the  te.st  were  used  directly  as  final  data.  Also,  stresses 
were  calculated  on  the  basis  of  the  original  cross-sectional  area.  Young' s. 
modulus  v/as  determined  from  a plot  of  this  .stress  versus  average  indicator 
strain. 

In  the  calculation  of  Poisson' s ratio,  a plot  of  nominal  stress,  a, 
versus  the  average  indicated  longitudinai  strain,  was  constructed  and 

the  slope,  of  this  curve  was  determined.  A plot  of  a versus  the  aver- 
age observed  transverse  strain,  was  constructed  also  and  the  slope, 

Q,  of  this  curve  was  measured,  then  Poisson*  s ratio,  i-,  was  calculated 
from  the  equation; 


Q 

E 


(30) 


A value  of  i-  was  calculated  for  each  clastic  determination  and  the  average 
valae  reported. 

The  data  obtained  from  the  large,  No.  4-size  alternate  tension 
specimen  were  calculated  in  the  same  manner  as  the  data  for  the  Nu.  1- 
size  tension  specimen. 


Size-Effect  Bend  Data  on  Plaster 

The  strain  data  obtained  from  the  No.  1-size  bend  specimens  were 
C-alc  iilated  witliout  consideration  of  the  effect  of  transverse  sensitivity. 

As  in  file  tension  tests,  the  strains  observed  were  too  stTiall  to  warrant. 
C'O^'rection . In  addition,  since  it  was  impractical  to  measure  transverse 
strains  or.  the  No.  1-bend  sfiecimen  due  to  its  smail  size,  no  corrections 
could  be  made.  In  these  tests,  Young' s modulus,  E,  was  determined  for 
each  surface,  tension  and  compression  of  the  bend  specimen.  Here,  F 
W3S  calculated  as  the  slope  of  the  plot  of  the  nominal  bena  stress,  o 
versus  the  indicated  longitudinal  strain.  The  nominal  bend  stress, 
was  calculated  from  the  expression: 

3Pc 

, (31) 

where  c,  b,  and  d are  defined  in  Figure  7,  and  where  P was  the  total  axial 
load. 

The  strain  data  from  the  No.  5-size  bend  specimens  also  were  calcu- 
lated without  consideration  of  the  effect  of  transverse  sensitivity.  Young' s 
modulus  was  determined  for  the  No.  5 specimen  in  exactly  the  same  manner 
as  for  the  No.  1-size  specimen,  Poisson's  ratio  was  calculated  for  the 
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No.  5 bend  specimen  in  the  same  manner  as  for  the  large  tension  specimen; 
that  is,  using  Equation  (30).  A value  of  Poisson' s ratio  was  obtained  for 
each  surface,  tension  and  compression.  The  nominal  bend  stress,  (7^^^ 
was  used  iu  these  calculations. 

Size-Effect  Torsion  Data  on  Plaster 


The  -Strain  data  taken  from  those  tests  on  tne  No.  5 torsion  specimen 
for  the  purpose  of  determining  the  strain  rate  were  not  corrected  for  trans- 
verse sensitivity.  The  modulus  of  rigidity,  G,  obtained  from  the  tests  on 
the  No.  5 torsion  specimen  was  determined  as  the  slope  of  the  curve  of 
shear  stress  versus  shear  strain;  tha*:  is,  the  slope  of  the  plot  of  the  shear 
stress,  Orj,  (Equation  1),  versus  the  shear  strain,  Y^y'  shear  strain 

■was  calculated  by  means  of  the  relation: 


^ IL 


(32) 


where: 

d = diameter  of  specimen,  inches, 

L = distance  between  mirrors,  inches, 

0i  * angle  of  relative  twist  between  mirrors,  radians. 

In  the  testa  on  the  No.  5 torsion  specimen,  a value  of  L = 5 inches  wa.s  used. 
The  value  of  G reported  for  each  specimen  was  the  average  of  the  slopes 
of  at  least  three  such  plots. 


Size-Effect  Compression  Data  on  Porcelain 


The  elastic  data  determined  from  the  size-effect  compression  speci- 
mens of  porcelain  were  calculated  in  precisely  the  same  manner  as  the 
data  from  the  compression  specimens  of  plaster. 


Combined-Stress  Data  on  Plaster 


The  method  of  calculating  the  data  from  the  tests  on  the  biaxial- 
stress  specimen  of  plaster  is  described  in  detail  in  the  body  of  this  report. 
It  should  be  pointed  oui  again,  however,  that  Equations  (20;  and  (21)  were 
used  to  correct  all  observed  strains  for  transverse  sensitivity. 
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Strain-Rate  Data  on  Pla ster 

Th<^  method  of  calculating  the  strain  data  and  fracture  data  from  the 
strain-rate  tests  conducted  on  size-effect  specimens  of  plaster  is  described 
in  detail  in  the  body  of  this  report. 
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APPENDIX  II 

STATISTICAL  TREATMENT  OF  DATA 


The  data  obtained  from  tiic  tests  conducted  during  this  period  were 
organized  and  treated  in  a specific  man.ner.  In  tli-;  treatment  ui  all  these 
data,  it  was  necessary  to  assume  that  the  data  from  any  one  observation 
or  test  were  subject  to  statistical  tre-.itment.  Hence,  the  most  probable 
value  of  a measured  quantity  was  assumed  to  be  the  arithmetic  mean, 
of  the  N measurements,  Xi,  X^,  X3,  • • • X,^  • • • Xfj,  or  the  quantity: 


X 


m 


X 1 + X^  t X3  • ■ * + X„  • • • + X1.4  ^ IXrj 

_ ^ 


(33) 


After  the  deviations  from  the  mean,  = X,-j  - X,^,,  were  obtained,  the 
c'.liproximatc  values  of  the  standard  deviation,  a,  of  a single  observation 
and  the  probable  error,  Py,  of  the  mean  were  determined. 

In  the  treatment  of  standard-deviation  data  under  Weibull's  theory. 
Equation  (34)  was  found  to  be  appropriate  as  a definition  of  the  standard 
deviation: 


N - 1 


(34) 


All  standard  deviations  appearing  in  this  report  were  calculated  according 
to  Equation  (34). 

In  this  report,  all  probable  errors  have  been  computed  on  the  basis 
of  the  principle  that  9 out  of  every  10  observations  should  fall  within  the 
limits  X;ri  “ Po  and  Xm  + Poi  **»  on  the  basis  of  a probability  of  0.90. 

Then,  according  to  this  concept,  the  probable  error,  P^,  of  the  mean  of 
a series  of  observations  a ay  be  defined  as: 

Po  = ± /3a  » (35) 

where  a is  the  standard  deviation  as  defined  by  Equation  (34),  and  /I  is  a 
constant  depending  on  N.  For  values  of  N greater  than  <15,  /I  is  approxi- 
mately equal  to 
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1 . 645 • . 

’ — (spproximititcly f 

- 3 


(36) 


Values  of  fi  for  N less  than  25  appear  in  Table  II,  Supplement  A,  of  the 
"ASTM  Manual  on  Presentation  of  Data". 
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APPENDIX  III 


WEIBULL’S  STATISriCAD  THEORY  OF  STRENGTH 


V/cibul).'  s theory  is  founded  on  the  fact  that  no  material  exhibits  a 
unique  fracture  strength.  li  100  .seemingly  identical  .specimens  were  bro- 
IvCn  in  identically  the  same  -wayj  it  is  quite  possible  tViat  no  two  would 
fracture  at  the  same  load.  Instead,  they  might  break  over  a wide  range  of 
loads;  however,  the  g’:eater  portion  most  probably  would  fracture  within  a 
narrow  range  of  loads.  Intuition  would  lead  us  to  believe  that  the  strength 
of  a material  might  lend  itself  to  statistical  treatment.  This  is  precisely 
what  Weibull  has  done. 

Suppose  we  take  a chain  link  and  pull  it  until  it  breaks.  We  know 
already  that,  if  we  break,  six  more  links  from  the  same  chain,  they  will  not 
all  break  at  the  same  load,  but  we  can  predict  that  a certain  proportion  of 
the  next  six  will  have  broken  by  the  time  we  reach  a certain  load,  P.  In 
other  words,  we  can  predict  a definite  50-50  or  40-60  chance  that  they  will 
be  broken  at  the  load,  P. 

Instead  of  breaking  one  link  at  a time,  suppose  we  fasten  two  links 
together  and  break  the  combination.  Now. there  is  a greater  chance  that 
the  combination  will  be  broken  at  the  load,  P.  If  we  had  a chain,  or  a 
thousand  such  links,  each  with  a 50-50  chance  of  being  broken  at  the  load 
P,  at  least  one  of  these  links  is  almost  certain  to  have  broken  by  the  time 
we  reach  P.  Thus,  the  longer  we  make  the  chain,  the  greater  is  the  chance 
that  it  will  be  broken  when  we  reach  the  load,  P. 

Now  let  us  imagine  a tension  specimen  to  be  made  up  of  a multitude 
of  fibers,  each  acting  like  a chain.  We  can  sec  th<at,  when  a uniform  load 
is  applied  to  the  specimen,  each  of  these  fibers  will  have  a certain  proba- 
bility of  breaking,  depending  on  how  long  it  is.  If  each  fiber  has  a 50-50 
chance  of  breaking  by  the  time  we  reach  P,  and  there  are  100  fibers,  then 
there  is  a greater  than  50-50  probability  that  one  of  these  fibers  will  be 
broken  v/hen  we  reach  the  load  P.  Wc  can  see  now  that  the  larger  a speci- 
men is,  the  greater  is  the  chance  that  it  will  break  at  a certain  load.  We 
can  say  now  that  the  probability  that  a specimen  will  break  at  a load  is  a 
function  of  its  volume. 

Suppose  that  we  take  two  identical  links  and  pull  one  with  a force  P 
and  the  other  with  a force  2P.  if  either  were  to  break,  it  is  obvious  that 
the  probability  is  much  greater  that  the  latter  will  be  the  one.  This  same 
argument  would  apply  to  two  chains.  Now  we  see  that  the  probability  or 
the  odds  that  a specimen  of  fibers  will  break  depends  on  how  heavily  each 
fiber  is  loaded. 
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yie  know  that,  if  there  is  a 40-60  chance  that  a fiber  v/iil  be  broken 
by  the  time  the  load  P is  reached,  there  is  also  a 60-40  chance  or  0.  60 
probability  that  the  fiber  will  not  break  under  a load  P.  But  what  is  the 
actual  probability  that  a certain  fiber  will  withstand  the  load  P,  and  how 
is  this  probability  related  to  the  size  of  the  fiber?  The  answer  to  these 
questions  is  the  crux  of  WeibulT  s theory.  V/eibull  has  assumed  that  the 
probability  of  a fiber' s withstanding  a load  is  related  to  the  volurne  of  the 
fiber  by  a certain  function,  which  he  calls  the  material  function.  (This  is 
equival«»nt  to  the  assumption  of  a distribution  function.)  He  assumed  furthc 
quite  logically,  that  the  probability  of  fracture  is  related  to  the  load  on  the 
fiber.  The  success  of  thi.s  theory  depc.nds  on  how  well  the  assumed  ma- 
terial function  fits  the  actual  material. 

If,  for  example,  we  consider  the  experimental  strengths  obtained 
from  a series  of  specimens,  we  will  find  that  there  is  a definite  relation- 
ship between  the  probability  that  a specimen  will  fracture  and  the  stress  to 
which  it  is  subjected.  This  relationship  is  often  called  the  distribution 
function  of  the  strength.  The  No.  1 cension  specimen,  the  No.  4 tension 
specimen,  the  No.  5 bend  specimen,  and  the  No.  1 bend  specimen  ei  ch  has 
a unique  distribution  fur  lion.  In  other  words,  the  distribution  function  is 
dependent  upon  the  size  and  design  of  the  specimen.  A typical  distribution 
curve  of  strength  is  shown  in  Figure  31. 
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These  concepts  can  be  used  to  show  that  the  mean  strength  of  a set 
of  specimens  (cj^in  Figure  31)  is  equivalent  to  the  first  moment  of  the 
distribution  about  a = 0. 


Using  this  concept  of  probability,  Weibull  has  defined  the  fracture 
strength  of  a brittle  material  as: 


r 


o 


(37) 


where  a denotes  the  stress  state  in  a body  and  S is  the  probability  of 
fracture's  having  occurred  when  the  stress  state,  a,  is  reached. 


As  wc  have  pointed  out  above,  a speoiiiicii  may  be  considered  to  be 
made  up  of  many  fibers.  Each  of  these  fibers  can  be  considered  to  have 
its  own  probability  of  withstanding  a load,  but  the  probability  for  the  entire  . 
specimen  will  be  the  result  of  considering  the  individual  probabilities  of 
all  the  fibers.  For  example,  if  we  bend  a specimen,  one-!jalf  of  the  fibers 
in  the  gage  section  will  be  in  tension,  and  the  remaining  fibers  will  be  in 
compression.  Weibull  has  assumed  that  fibers  in  compression  have  a xero 
probability  of  fracture  (that  they  will  not  break  under  compression).  As 
a result,  these  compression  fibers  do  not  contribute  to  the  probability  for 
the  entire  specimen.  Therefore,  an  entire  half  of  the  specimen  is  neglected 
in  Weibull'  s considerotion  of  the  probability  of  a specimen' s withstanding 
a bending  load.  The  important  point  here  is  that,  in  considering  the  proba- 
bility of  a specimen' s withstanuing  a load,  every  fiber  must  be  considered. 

Using  this  concept.  Equation  (37)  defining  the  fracture  strength  of  a 
body  can  be  rewritten  in  the  form; 


■ ^ 

(7jn=  e~*^da  , (.38) 

o 

where  B is  defined  as  the  "risk"  of  fracture  of  the  entire  body,  and  B is  a 
function  of  the  probability  of  fracture  of  the  entire  body,  and  hence,  at  the 
same  time,  a function  of  the  probability  of  fracture  at  every  point  in  the 
body.  The  risk  of  fracture,  B,  is  a logarithm.ic  function  of  the  probability 
of  fracture,  S,  of  the  body;  that  is, 


B = - log  (1  - S)  . 


(39) 
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Weibull  proposes  that  the  risk  of  fracture,  B,  is  related  to  the  volume  of 
a body,  V,  and  the  stress  state,  a,  by  the  relation: 


B = 


J n(o)dV 
V 


(40) 


The  function  n(o)  is  the  material  function.  He  also  assumes  that  the 
material  function  may  take  the  form 


n(<r)  = Ka”'  , (41) 

where  X is  a constant  and  m is  a constant  designated  as  the  material 
constant. 

The  risk  of  fracture,  B,  of  the  entire  body,  in  turn,  may  be  defined 
in  terms  of  B'  , the  risk  of  fracture  at  a particular  point  in  the  body;  that 


B 


B'dV 


(42) 


In  principle,  B'  represents  the  total  risk  of  fracture' s occurring  at  a point 
in  a body  subjected  to  stress.  Since  a probability  of  fracture  exists  for 
every  plane  through  a point  on  which  the  normal  stress  is  tensile,  the  total 
probability  of  iracture,  B',  at  a point  must  consider  the  probability  associ- 
ated with  every  plane  on  which  the  normal  stress  is  tensile.  Then  B'  can 
be  shown  to  be  of  the  form 


B' 


(0)  coa<pA4>d^  , 


J 


(43) 


where  and  4>  are  de.fined  in  Figure  2 of  WADC  Technical  Report  No.  52-67. 

Then  Equations  (43),  (42)  and  (38)  can  be  used  to  determine  the 
fracture  strength  of  a body  under  any  state  of  stress. 
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The  Effects  of  Size  and  Stress  State  on  Strength 


It  can  be  seen  from  the  above  d’scussion  that  the  sticngth  of  a body 
in  the  concept  of  Weibull' s theory  is  the  composite  result  of  the  stress 
state  at  every  point  in  a body,  as  well  as  of  the  gross  size  of  the  body. 

When  th?  concepts  outlined  above  are  combined  with  this  definition 
of  strength,  Equation  (38),  the  following  fractur'e  strengths  are  obtained 
for  the  following  simple  stress  states; 

Tension  (For  any  cross  section): 


= 


‘m 


[KVl 


m 


where: 


(44) 


c^d  = fracture  strength  in  tension, 

K 3 a constant, 

V = volume  of  the  gage  section, 
m = a constant  depending  on  the  material, 


I 


m 


_yTn 

e dZ,  a constant  depending  on  the  value  of  m. 


J 

o 


Bending  (Rectangular  cross  section): 


I 


m 


. 


Kv 

2m  + 2 


m 


(45) 


where  ~ fracture  strength  in  pure  bending. 


' ». . 


WADC  TR  53-50 


Toriiion.  (Circular  cross  section): 


m-6 


r 

= I P » 

J 


where ; 


oj.  = fracture  strength  in  torsion, 
r p a maximum  shear  stress  in  the  gage  section, 


B = 2 


r 

rrLi  f. 


B'dp  , 


where ; 


L = length  of  the  gage  section, 
r = radius  of  the  gage  section, 


B'  = 2k| 


rtje.  n/  C 

-N  p 

cos^^  sin* 

J 


2 y'/  d \l> 


p - radius  to  the  point  where  B'  is  evaluated, 


and  wheie: 

ki  = a constant- 

It  can  be  seen  from  Equations  (44),  (45),  and  (46)  that  the  strengths 
of  tension,  bending,  and  torsion  specimens  are  functions  of  the  volume  of 
the  specimen.  In  theory,  every  point  in  a body  at  which  there  is  a proba- 
bility of  fracture,  regardless  of  how  small,  should  be  considered  as 
contributing  to  the  fracture  characteristics  of  the  entire  body.  This  means 
that  the  volume  associated  with  all  of  these  points  should  be  used.  In  this 
study,  however,  only  the  points  in  the  gage  section  have  been  considered 
and,  hence,  the  volume  used  in  these  expressions  for  strengths  has  been 
the  volume  of  the  gage  section.  This  simplification  seemed  justified  in 
the  light  of  the  relatively  .small  probability  of  fracture's  occurring  at  points 
outside  the  gage  section.  This  simplification  was  substantiated  by  the  size- 
effect  tests  on  Hydrostone  in  tension,  bending,  and  torsion,  in  which  the 
great  majority  of  the  specimens  fractured  in  the  gage  section. 
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it  c 3. r.  seen  nowj  if  we  n|i]>ly  Ec^ti«itiop  (44)  to  two  tviinilai"  tension 

specin-iens  a:  differenf  siises  but  of  tlic  same  material,  that  the  volume,  V, 
is.  the  ordf  fector  that  changes.’  l.a;t  us  compare,  for Otample;,  the  No.  1- 
snd  the  No,  4-iizc  alternate  ten.'uuu  specimens.  From  Equation  (44), 
the;  ratio  of  the  fracture  strength.^  of  the  two  specimens  becomes: 


where; 

or^l  = strength  of  No.  l-.sizc  tension  specimen, 

0^4  = strength  of  Is'o.  4-sizt:  tension  specimen, 

^dl  ~ volume  of  No.  l-aizc  tension  specimen, 

V44  = voisime  of  No.  4-sizc  tension  specimen. 

« 

If  wc  compare  the  No.  1-  and  the  No.  5-size  alternate  oend  speci- 
mens, the  ratio  of  the  fracture  strengths  from  Equation  (45)  becomes: 


where: 

CT,  , = strerijth  of  No.  1-sizc  b«‘,>d  specimen, 

^b5  “ strength  of  No.  b«*:nd  specimen, 

Vbi  = volirrse  «f  No.  l«  sizc  bend  specimen, 

= Yolsme  ?of  No.  5-size  bend  specimen. 

Although  it  is  not  immediately  obvious  from  Equation  (46),  the  same 
forn  of  equation  catss  be  derived  for  the  No.  I-  and  the  No.  5-size  torsion 
specimens;  that  is.; 


= stresgtli  of  No.  1-aize  torsion  specimen, 
€?t5  - streEglfe  of  No.  5-.sizc  torsion  specimen, 
V.J.J  = voiame  of  No.  1-size  torsion  specimen, 
Vjjj  = voiariie  €tf  No.  5-.size  tor.sion  specimen. 
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The  values  uf  the  material  constant,  m,  in  Table  of  this  report 
were  obtained  from  Equations  (47),  (4H),  and  (49). 


The  bend  data  reported  in  fabie  4 of  WADC  Technical  Report 
No.  52-b7  also  were  analyzed  to  determine  the  material  constant,  m, 
for  Hyuroslone  piaster.  An  average  value  of  m 12  was  determined  from 
these,  data.  This  determination  was  accomplished  by  use  of  the  curves  in 
Figure  32,  where  each  p>oint  represents  the  mean  of  a series  of  tests. 
.Equation  (48)  of  this  report  was  used  in  these  determinations. 


The  values  of  m determined  froni  size-effect  data  and  reported  in 
Table  12  indicate  that,  for  Hydrostone  plaster,  m has  a value  of  the  order 
of  12  to  11.  When  a value  of  m =:  i Z is  used,  it  can  be  shown  that,  for 
Hydrostone,  the  ratio  of  the  strength  of  a tension  specimen  to  that  of  a 
torsion  specimen  becomes: 


(50) 


Similarly,  the  rati  of  the  strength  of  a bend  specimen  to  the  strength  of 
a torsion  specimen  becomes; 


2.  6 Vj 
__ 


IZ 


(51) 


Al.so,  the  ratio  of  the  strength  of  a bend  .sjiecimen  to  that  of  a tension 
specimen  of  Hydrostone  becomes: 


% 

"d 


Vb 


IZ 


(52) 


Equations  (50)  and  (51)  were  used  in  calculating  the  predicted 
strengths  reported  in  Table  16  of  this  report. 


Effects  of  Stress  State  and  Size  on  the  Standard 
Deviation  of  the  Strength 


It  has  been  pointed  out  that  the  mean  .strength,  of  a set  of  speci- 

mens has  been  defined  by  Weibull  au  equivalent  to  the  first  moment  of  the 
distribution  about  r?  - 0.  In  general,  the  nth  moment,  of  the  distribu- 

tion is  defined  by  the  integral 


(53) 


- 


a"dS  , 


and,  hence,  the  first  moment,  ii  , becomes 


I 

a d S ::  . 

«« 

o 


Similarly,  the  nth  moment,  of  the  distribution  about  the  mean  o = 

is  defined  by  the  integral 


^ n 


i"  ~ ‘^m)’ 


(54) 


From  this  definition,  it  can  be  shown  that  the  square  of  the  standard 
deviation,  a,  is  equivalent  to  the  second  rnomen'  of  the  distribution  about 
the  mean,  <7j^;  that  is: 


a^  = ^2  = 


(a  - 


mi 


)^dS 


(55) 


where  a is  the  strength  of  a particular  specimen  of  the  series  (which  may 
vary  from  one  to  infinity),  S is  the  probability  of  fracture  corresponding  to 
cT,  and  c'm^*  ultimate  strength  of  the  series  as  defined  by  Equation  (37). 
Weibull  points  out  that 


I 

v^dS  - 


.y 

o 


1 

2 d S + 
o 


d ;>  rt 


and  that 


1 

«2dS  - 
O 


(56) 


(57) 
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Hence,  the  square  of  the  standard  deviation  can  be  defined  as 


where 


n (a 


)d  V . 


If  we  let  n((;)  = lor  a tension  specimen  with  an  ultimate  strength, 


B=  n(<7)cV  = ko*^(bL)dX  = Vloj^^; 


d(»^) . 


If  we  let 


Z = (Vk)"'-(a2)  , 


a^  = _L 


i.  J 

m o 


-Z  ^ 2 

e d Z — (7jj 


Then  the  standard  deviation,  a^j,  in  tension  can  be  determined  from 


2 

®d  = 


( Vk] 


^m/2  2 

— T7 — ~ °A  * 

.,2/m  ^ 


and,  hence,  that  the  standard  deviation,  a^,  of  the  mean  bend  strength, 
is 


oo 


■ I 
1l 
I I 

i 

1 

1 f 

.1 

1 r 

1. 


■3  *,  ' 

1 >• 


1,  1- 


■3  I 

I I 


3 ■ 

'I  ■ 

i ! 
■'1 . 1 
j 

J ■ 

I (. 


i 

:Jl 
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and  substituting  from  Equation  (45), 
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Vk 


im  + 2 


Z/ni 


I ^m/2  " *nr  ] 


(70) 


Then  for  the  No.  1-  and  the  No.  5-size  bend  specimens  witi)  volumes, 

Vbl  «rid  Vb5, 


^b5 


1 1/ 


b5 


Vbl 


m 


(71) 


In  addition,  it  can  be  shown  that,  for  n(a)  = Ico*^  and  for  m s»  12  (for 
Hydrostone  plaster),  for  a torsion  specimen. 


3 = 


0.  1 IZrrki  Vr 

"14 


12 


(72) 


Then  the  standard  deviation,  a-r>  of  the  strength,  of  a set  of  torsion 

specimens  beedrnes: 


2 

*T  = 


0.  1 12ir:ci  Vr 


12 


14 


d(r^)  - ^ 


(73) 


;5k 


where  kj  = . Then  it  can  be  shown  that,  for  m = 12, 

2 rr 


l6 


^ [ 0.  100  Vk] 


(74) 


It  can  also  be  shawn  that,  for  Hydrostone  plaster  (m  = 12), 


i I 


<7  'j*  S 


(75) 
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Hence,  becomes 


[ 0.  100  Vk] 


i/n 


[I6  - Il2) 


(76) 


Then  for  the  No.  1-  and  the  No.  5-size  torsion  specimens  with  volumes, 
V 'p  1 snd  'p5> 


Ijil 

®T5 

From  Equations  (65),  (70),  and  (74),  it  c m be  shown  that,  for 
Hydrostone  plaster. 


" T5 
VtI 


1/12 


(77) 


^d 


2.6Vd 


1/12 


(78) 


and 


®T 


Vj 

TT^ 


-,1/12 


(79) 


3 


.,1/12 


(30) 


Equations  (78)  and  (79)  were  used  to  calculate  the  theoretical  stand- 
ard deviations  appearing  in  Table  17.  It  should  be  noted  that  Equations 
(78),  (79),  and  (80)  and  Equations  (50),  (51),  and  (52)  lead  to  the  following; 


(81) 


and 


lx 

»d 


(82) 


lU-13 
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4 5 


I I 1- 


u 

i X t 


If 

1 j 

) 


cl  Biaxial  Stresses  on  Strength 


It  was  pointed  out  that  the  fracture  strength  of  a body  is  a function 
of  the  stress  state  at  every  point  in  that  body.  It  vas  also  pointed  out 
that  the  fracture  sti  ength  of  a body  can  be  defined  in  terms  of  B'  , the 
risk  of  fracture  »t  each  point  in  the  body,  and  t’uat  B'  can  be  of  the  form 


B' 


nj  (a)  cosBd<jkl0, 


(43) 


where  a denotes  the  stress  state  at  the  point  at  which  B'  is  to  be  evaluated. 
If  each  point  in  a body  is  subjected  to  a system  of  biaxial  stresses,  the 
normal  stress,  a,  in  a particular  direction  may  be  defined  in  terms  of  the 
principal  stresses,  aj  and  by  the  relation 


o - cos^  cos^’,'/  + cr^sin^d')  . 

Furthermore,  if  nj(u)  is  assumed  to  be  of  the  form 

n j (c7 ) .=  kp  ^ , 

then  the  risk  of  fracture,  B',  becomes 

d'o 

I 

,2m  + 1 


(83) 


(84) 


n / 2 

r> 


B'  = 2kj 


cos 


‘<3  d <;6 


(crjcos^V^'  + sin^v'')”'dv!'. 


(85) 


Vb 


If  the  ratio  of  the  principal  stresses  is  defined  as 


«1 


= c 


(86) 


i 
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then  Equation  (85)  becomes 


B'  = cos^*^  ^ ^<3dc^  (cns^i/'  + c^sin^i/> )^d </', 


If  and  arc  both  tensile  stresses, 


B'  = 4k, a, 


2m  + ljj,  / 2,,  2-2,  vm , , 

CCS  <3d<3  (cos  {p  c sin  0)  dip, 


If  one  of  the  principal  stresses  is  negative  or  compressive, 


It  can  be  seen  that  B'  cannot  be  evaluated  from  (72)  or  (73)  J or  a 
state  of  biaxial  stress  until  the  value  of  the  material  constant,  m,  is 
known  for  the  material.  Qnce  B'  has  been  determined,  then  the  fracture 
strength  of  a body  can  be  determined  from  Equations  (22)  and  (26). 

It  is  important  to  note  here  that  B'  is  a function  of  t»  i and  prg  and,  as 
such,  may  vary  from  point  to  point  in  a body  as  the  principal  stresses 
vary.  For  this  reason,  the  functional  relation  between  B'  and  the  principal 
stresses  must  be  considered  in  the  evaluation  of  the  risk  of  rupture,  B, 
of  the  entire  body  and,  hence,  in  ihc  evaluat.von  of  the  fracture  strength. 

If  we  consider  the  caoe  of  a body  of  a volume,  V,  which  is  subjected 
to  a uniform  biaxial  stress  such  that  the  principal  stresses  are  constant 
throughout  the  bo.Iy,  then  the  total  risk  of  rupture,  B,  becomes 


B = B'dV  = B'  V , 


r 

5 


•B3IIS  faKsm  SSiil.9  SSSjt^  luUMi 
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and  the  fracture  strength  beco’nes 


-B*  V , 

= e do 


Table  27  contains  values  for  Hydrostone  plaster  of  B and  deter- 
mined for  various  pr'  icipal  stress  ratios  v/here  the  volume,  V,  of  the 
material  is  assumed  to  be  unilormly  stressed. 


Effect  of  Eccentricity  on  Tension  Strength 


According  to  the  concept  of  Weibuii' s theory,  the  tension  strength, 
Ojj,  of  a body  may  be  defined  as: 


= f , 


where; 


/ n(o 


(o)dV 


and  where  n((r)  may  be  of  the  form: 


Now  let  us  consider  a body  of  rectangular  cross  section,  loaded 
eccentrically  in  tension  as  shown  in  Figure  33.  Here,  the  eccentricity,  e, 
of  the  load  causes  the  nonuniformity  of  tensile  stress  on  the  gage  section 
shown  in  Figure  33(c).  It  can  be  seen  from  Figure  33(c),  that  the  resulting 
stress  in  the  gage  section  (of  length,  E)  is  the  sum  of  a uniform  tension 
stress,  and  a bending  stress.  Then,  for  this  state  of  stress,  it  can 

be  shown  that  the  stress,  a , at  any  distance,  x,  frorh  the  neutral  axis  can 
be  expressed  as: 


, 3ex  \ 


(94) 


t^»'i< i« *« Hxi, *■»« c^«» ^ -d  &-^iJUii«jl4«2>MjSi«<Uw.n:A. 


1 


.5 


- [ 

Hi 
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TABLE  27.  RISKS  OF  FRACTURE  AND  FRACTURE 

STRENGTHS  FOR  HYDR03T0NE  PLASTER 
SUBJECTED  TO  BL\XIAL  STRESSES 


Principal  Stress  Ratio, 


Risk  of  Rupture, 
B 


P'racture  Strength, 


■'m 


1 

0.  496"kiV<7^^2 

o 

• 

CD 

0.  1875rrkjVoj^2 

2/3 

0.  147,rkiVail2 

1/2 

0.  ll8,rkjVaj^2 

1/3 

0.0972»kiV</il2 

0 

0.0800;rkjVaj^2 

- 1/3 

0.  0688rrkjV'7jl2 

- 1/2 

0.0648;;kjVaj^^' 

- 1 

0.  0559»7 -iVf7i^2 

- 2 

0.  0448rrkiV(/i^2 

-3 

0.0363:rkiV«7i^2 

1 

-4 

0.  02937rkiVr7i’2 

12 


[0.496-TkiV] 


TJTz 


I 


12 


[ 0.  1875rrkiV] 

Il2 


[0.  147»rkiV] 
M2 


’'iju. 

iTTz 


[0.  llSrrklV] 


l/lZ 


I 


12 


[ 0.0972nkiV] 

Il2 

[ 0.  0800/rkiVj 

Il2 


iTTz 

TO^FW 


[0,0688ftkiV] 


:z 


ftkiVl 


[0.  0648n\iVl 


I 


12 


[0.0559;/ki’/l 

^12 

[0.0448,rkiV] 

^12 


l/l2 

[ 0.  02'’3^kiVy*7i^ 


[0.0363;rkiV] 

Il2 
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Then,  the  risk  of  fracture,  in  bending  plus  tension  becomes: 


Bbd  ""  / > 


('?5) 


where 


Then 


n{</)  = . 


n(<j)  = k 


m /,  j 3cx\^ 

V ' hO 


(41) 


(96) 


a no 


d V = bLdx  , 


Then 


~ hL»kn 


^ i r^)  “ • 


(97) 


Then  (97)  can  be  written; 


B 


bd 


1- 


J 

3e 


r 


- 1 + 


„ m j ^ 
z dz 


(98) 


For  V 3 2bhL, 


B 


Vhka, 


6d  ^te(m 


3e 


m + 1 


(99) 


Equation  (99)  can  be  rewritten  as; 


Bbd=Vk"d'"s^ 


(100) 


III-ZI 
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where 


(in  - 2r)l  (2r  + 1)! 


(101) 


For  pure  tension,  the  risk  of  fracture,  similarly  can  be  shown  to  be; 

Then  the  ratio  of  the  risks  of  fracture,  and  Bj,  becomes: 


Bbd  _ 

^d  «d' 


(103) 


It  can  be  seen  from  Equation  (103)  that  the  v-'.lue  of  will  de- 

pend on  the  magnitude  of  <7d  and  a^'  . It  is  very  important  to  note  at  this 
point  that,  if  we  are  to  calculate  the  fracture  strengtVis  in  bendirg  plus 
tension  and  in  tension,  we  must  set  up  the  risks  of  fracture  in  terms  of  the 
desired  stresses.  Bj^d  i.s  de.sired  in  terms  of  the  maximum  stress,  o 
in  the  cross  section;  then: 


(104) 


(105) 


m 


The  ultimate  strength,  bending  plus  tension  then  becomes: 

j VliS, 

Bbd 


■’m 


■^bd  = 
o" 


and  for 


da 


bd 


' ^bd 

1 + 

h 


^"bd  » (106) 


m 


-r 


-z 


m 


dz  , 


"btl  = 


(107) 
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Similarly,  the  strength  in  tension  is: 


B. 


“ i 


-Vkaj.™ 


a j|  = 


(108) 


Then  the  ratio  of  the  strength  of  a specimen  loaded  eccentrically  in  tension, 
(Tbjji  to  the  strength  of  a similar  specirr-.en  loaded  uniformly  in  tension, 

0^1}  according  to  Weibull's  theory,  becomes: 

"bd  /.  . 3e\  r Vd.  1*/"’  , , 

~ — = (l  + -r-  ) 77 7 — I > (109) 

""d*  \ '*  / L/bd  J 


where 


<7bd  = fracture  strength  of  a rectangular  specimen  subjected  to 
combined  bending  and  tension,  psi, 

o-jj'  = fracture  strength  of  a specimen  subjected  co  pure  tension, 
psi, 

e = eccentricity  of  load,  inches, 
h = half  the  width  of  the  specimen,  inches, 

= volume  of  the  gage— section  of  the  specimen  loaded  in  com- 
bined bending  and  tension,  cubic  inches, 

Vjji  = volume  of  the  gage  section  of  the  specimen  loaded  in  purs 
tension, 

m = material  constant  from  Weibull' s theory, 

2r 


r - f 


M 


^ (m  - 2r)  ; (2r  + 1)  ! * 

r = 0 


(101) 


For  Hydrostone  plaster  (m  = 12)  and  for  i.-  Vji  , 


(110) 


i f 


k i 


?fc 

r,' 

i I 

]-| 


1 

VI 

c; 

I I 

I 
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APPENDIX  IV 

BASIC  TEST  DATA  FROM  COMBINED-STRESS  TESTS 


This  appendix  has  been  attached  in  order  to  present  all  the  raw  data 
taken  in  the  combined-stress  tests  on  plaster,  the  results  of  which  are 
discussed  in  this  report. 


(1)  Strain  rate  for  fracture  of  all  specimens  * 0,  C027  In.  /in.  /min. 

(?)  ror  definition  of  symbols,  see  text,  "Combined-Stress  Tests  on  Plaster 


1 
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TABLE  29.  EASIC  ELASTIC  AND  FRACTURE 

HYDROSTONE  PUSTER  SUBJECTED 


Sjn  ( lliie/l 
Ho, 

PolsiDn’i 

iUtIn 

Modulus 
of  EUMldiy, 
lo''  14 1 

aVio 

10®  pjl 

t^!o  , 

' lo 
10®  pil 

Aoio 

A #20 

1C®  pil 

• .Zl2.‘ 

f 2.J 
10®  psl 

r rsciurc 
Prcaiirc, 

pil 

Ffaciute  Sties.'ser.f^)  pil 
®2o  "lo  ‘^U 

llt)l‘-4 

•- 

•4  tf 

2,48 

2,73 

9.42 

9.23 

175 

525 

1050 

1225 

llOP'fi 

J.  243 

2.4H 

2.57 

2.  82 

9.34 

9.65 

117 

370(0 

740 

. 860 

HI  /-r- 

0.  25  H 

2.40 

2.57 

2.  76 

9.68 

9.  92 

177 

540 

1080 

1255 

HOl‘  7 

0,  26(i 

2.37 

2.53 

2.73 

8.73 

10.  13 

137 

420(®) 

840 

980 

0.  200 

2.4H 

2.48 

2.76 

9.50 

3.44 

163  , 

495 

990 

1155 

HOP 

0,  245 

1.09 

1.73 

2.  74^^^ 

6.29 

9.41 

118 

380W 

760 

875 

llOf'l  1 

0.  234 

2,4(1 

2.48 

2.81 

9.  09 

9.32 

144 

445 

890 

1035 

HOP  12 

0,  238 

2 49 

2.29 

2.54 

8.9C 

9.50 

133 

420 

840 

970 

HOP' If! 

.. 

-- 

-- 

•- 

175 

550 

1100 

1270 

K<>P  14 

0,240 

2,32 

2.  97 

2.  64 

8.43 

9.  67 

126 

395W 

790 

915 

HOP'lfi 

0,  227 

2,42 

2.57 

2.  73 

8.92 

9.20 

120 

395 

790 

?15 

llOl”l!i 

0,  203 

2.40 

2.  79 

2.  76 

9.38 

10.  13 

139 

450 

900 

1040 

H(,P- 17 

0.  94  H 

2 43 

-• 

-- 

-- 

•• 

-- 

-- 

-- 

(1)  |',f /(('fliilHon  of  symbiili,  t>  kf.  X'omMned -Strew  Tcits  on  PUitcr". 

(2)  All  »()*•(  Imeni  were  loaded  (o  give  * major  principal  »traln  rate  (<jj)  of  0. 
(:i).  j(j»flo  w*i  calculated  c*j*ilnienral  itrain*. 

(4)  All  tlrcor.’ili  al  calnilallon*  for  Sivclmen  9 were  nade  uflng  E ■=  2,40. 

(I)  Ih'liiiiloii  pffscnl  in  fractiiic  lurfatc  of  *pccltnen. 

(It)  ii(il/bl«!  |»ri’«*'Hi  111  fracture  tiiiface  cf  ipccirnen. 


0027  in.  /In.  /minute. 


)i 


- , I 


IV-3  and  IV-4 
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DATA  FROM  BIAXIAL  SPECIMENS  OF 
TO  PRESSURE  lA^ADING^^^ 


Fr.ictiirc  Strains,  in,  /m.  <10 


Spi-cimcn 
DiiiuMuioiis,  ill. 


Toinpcr.itur.;,  F 


RcUlive 

Humidity. 


o lo 

‘c 

'o 

Avg 

' b 

''d 

■ ^ ' fs 

Do 

Oi 

Dry 

Wet  Bliiti 

0.-196 

-- 

399 

-- 

-- 

116 

-- 

" 

3.507 

3.  037 

77.  9 

67.0  ‘ 

56 

0.495 

•- 

-- 

307 

.. 

-- 

— 

oq 

3.  502 

3.  0,54 

-- 

-- 

-- 

0.475 

— 

-- 

443 

-- 

-- 

-- 

110 

" 

3.  503 

3.037 

78.0 

70.0 

67 

0.487 

— 

351 

-- 

-- 

— 

89 

-- 

3.503 

3.043 

77.8 

67.0 

57 

0.444 

380 

421 

414 

405 

104 

Ill 

•03 

I'C 

3.503 

3.037 

72.0 

65.0 

68 

0.476 

455 

372 

-- 

414 

123 

94 

-- 

1'? 

3.  502 

3.  054 

78.  9 

67.  1 

53 

0.470 

376 

34-1 

341 

354 

93 

91 

93 

."4 

3.  .502 

3.044 

80,2 

71.8 

65 

0.467 

373 

390 

328 

364 

96 

93 

87 

94 

3.502 

3.050 

78.  0 

66.  4 

54 

-- 

-- 

-- 

" 

*• 

-- 

-- 

-- 

3. 502 

3.048 

69.3 

59.7 

57 

0.  564 

221 

2ci 

291 

259 

102 

84 

101 

56 

3.  502 

3.  048 

75.0 

64.0 

53 

0.477 

333 

327 

281 

314 

85 

91 

87 

‘i? 

3.503 

3.069 

75.  0 

64.3 

55 

0.521 

306 

282 

325 

324 

91 

104 

92 

3.503 

3.059 

76.  0 

66.0 

58 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

" 

3.  503 

3.047 

77,  0 

67.  0 

58 

i, 

I. 


